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ABSTRACT 
Dinantian intraplate magmatism in northern Britain and Ireland was 
initiated as a response to continental rifting. The volcanic activity followed a 
long period of subduction and collision associated with Iapetus Ocean closure, 
during which time magmatism of Siluro-Devonian age had mainly been 
calc-alkaline in nature. Dinantian lavas outcrop in the Scottish Midland Valley 
as well as in the Scottish Borders, Kintyre, parts of Ireland and Cumbria. The 
lavas are transitional (with rare tholeiite) to mildly alkaline and a complete 
sequence from basalt (and minor basanite) through basaltic hawaiite, hawaiite, 
mugearite, benmoreite, trachyte and rhyolite is observed. 
Most of the lavas are porphyritic and phenocryst assemblages show 
progressive change throughout the compositional spectrum. The most 
primitive basalts (including ankaramites) have an olivine + clinopyroxene + 
spinel assemblage, whilst the less primitive basalts are often also 
plagioclase-phyric. Basaltic hawailtes generally have an olivine + plagioclase + 
clinopyroxene + spinet assemblage, hawalites contain olivine + plagioclase + 
spinet (+ clinopyroxène) phenocrysts and mugearites (although only sparsely 
porphyritic) have olivine + plagioclase + spinel. Benmoreites and trachytes 
have an alkali feldspar 4-  plagioclase + spine[ + olivine + clinopyroxene 
assemblage. Minor phenocryst phases include hornblende (in some regions), 
apatite and ilmenite in many of the intermediate and evolved rocks. 
Combined major and trace element data reveal that the Dinantian suite 
largely evolved by fractional crystallisation of the observed phenocryst phases. 
The fractionation appears to have been polybaric, with cr'stallisation of the 
olivine + clinopyroxene + spinet (+ plagioclase) assemblage in the basic rocks 
at high pressure, and generation of the more evolved rocks at lower pressures. 
A pronounced compositional gap in the • trace element data between the 
trachytes and the peralkaline rhyolite is however, inconsistent with fractional 
crystallisation, and the chemical composition of the rhyolite may be related to 
volatile transfer in a chemically zoned magma chamber. 
Incompatible trace element compositions in the basic Dinantian samples 
display some distinct regional variations. Whilst some of this variation may be 
attributed to varying degrees of partial melting of a homogeneous mantle 
source, the application of partial melting models reveals that the Dinantian 
magmas were largely derived from a source which was chemically 
heterogeneous, particularly in its Zr and Nb concentrations. Regional variations 
in isotopic compositions are also apparent, although these are less 
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well-defined than the trace element variations. 87Sr/86Sr ratios are generally 
low (0.7029-0.70545), 143  Nd/  144  Nd t ratios are high (0.5122-0.5125; cNd of -0.4 
to +5.6) and 206Pb/204Pb ratios are moderately radiogenic (17.65-18.89). These 
variations do not appear to reflect substantial crustal contamination and are 
consistent with derivation from a source which was heterogeneous at the time 
of partial melting. 
The Dinantian basic rocks generally have LILE and LREE enrichments as 
well as isotopic compositions typical of alkali basalts from many other 
continental rifts and oceanic islands. The source of the magmas therefore 
appears to have resembled that of ocean island basalt in its chemical 
characteristics. This suggests that the lavas were not derived from the 
continental lithosphere but from an asthénospheric or sub-asthenospheric 
source. 
Evidence from the calc-alkaline lavas erupted in and around the Midland 
Valley c. 50 Ma earlier allows further constraints to be placed on the source 
region for the Dinantian magmas. When the trace element and isotopic 
compositions of the two suites of lavas are compared, remarkable similarities 
are apparent. Significant overlap occurs in Pb and Nd isotopic compositions. 
The differences in Sr isotopic composition and K and Rb concentrations 
between the two suites of lavas may be explained by the incorporation of a 
sediment component derived from the subducted lithospheric slab into the 
older calc-alkaline lavas, which by Dinantian times had been lost from the 
mantle source region by convection. An observed negative Nb anomaly in the 
calc-alkaline lavas may be due to retention of a Nb-bearing phase in the 
mantle during melting under hydrous conditions. 
The overall chemical similarities of the two suites of lavas when the 
effects of this added slab component are taken into account, suggest that they 
may have been derived from similar portions of mantle. If volcanic arc lavas 
are derived from the mantle wedge, the implication is that such a source lies at 
relatively shallow depth within the upper mantle: the same may therefore apply 
to the Dinantian magmas. This evidence, combined with the lack of any 
evident hot-spot trail across the Midland Valley despite a long period of 
intraplate volcanism and rapid plate movements suggests that the alkali basalt 
magmatism is not the product of a deep-seated mantle plume. Rather, the 
volcanism appears to owe more to passive rifting and to diapiric upwelling 
from a source within the upper mantle. This source appears to have been in 
the upper asthenosphere. 
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1.1. Aim of the project 
The ultimate aim of any petrogenetic study of temporally and spatially 
related igneous suites is to evaluate the processes that were involved in their 
genesis. Primary processes such as partial melting in the mantle source are of 
special interest, but secondary processes of modification including side-wall 
contamination may also be of significance. Modern studies are also concerned 
with determination of the chemical and isotopic nature of the mantle, through 
the modelling of trace element and isotopic characteristics. 
The Dinantian volcanic rocks in and adjacent to the Scottish Midland 
Valley comprise a suite of transitional to mildly alkaline basalts which lend 
themselves to this . type of rigorous petrochemical study. The volcanic rocks 
are of intraplate nature, developed in or close to a rift valley. Lavas are 
exposed (Fig. 1.1) in several geographically distinct areas and are represented 
mainly by basaltic and hawaiitic compositions, with subordinate basanite, 
mugearite, benmoreite, trachyte and rhyolite. 
The region has been studied for well over a hundred years since the 
pioneering work of Sir Archibald Geikie and a good knowledge of the temporal 
and spatial relationships of the volcanic rocks has been gradually built up. 
Detailed petrographic studies and mapping by the British Geological Survey 
have made great contributions to the understanding of the nature of the 
volcanism. 
Exposure of the rocks is generally good and the abundance of 
associated fossiliferous sediments has led to excellent stratigraphic control of 
the volcanic activity. In addition, good K-Ar age data are now available (De 
Souza, 1979; 1982) for the province. 
In view of the fact that the •petrography and stratigraphy of the 
Dinantian volcanism are so well known, it is surprising that petrochemical 
investigations have been largely neglected. Macdonald's (1975) reconnaissance 
study of the major element variations provides a basis for the understanding of 
the petrochemical processes involved. Major element data for many regions 
are however, still sparse and very few trace element data are so far available 
(but see Macdonald, 1980). No isotopic data (other than for geochronological 
purposes) have been produced at allfor the region. It is clear therefore that a 
more rigorous study of major and trace element, as well as isotopic 
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compositions is needed for the province. 
It is the aim of this study, using a wider data base, to delineate the 
relative roles of partial melting, fractional crystallisation, source region 
heterogeneity, magma mixing and possible assimilation processes within the 
Dinantian volcanic suite. 
1.2. Tectonic Setting 
During Lower Carboniferous times (c. 360-320 Ma; De Souza, 1982), 
northern Britain formed part of the Laurasian supercontinent (Irving, 1977). 
Tensional stresses set up in a northward-moving plate initiated block faulting 
and basin subsidence, most notably in the Scottish Midland Valley and 
Northumberland Basin, as well as in central Ireland. Continental rifting enabled 
large volumes of dominantly basaltic magma to rise through crustal fracture 
zones. Rejuvenation of pre-existing Caledonian basement structures appears to 
have had a dominant control on the location of volcanism. Evidence for this is 
given by the northeast to southwest trend observed in many of the volcanic 
rock outcrops (Fig. 1.1). This led Francis (1978a; 1978b) to conclude that 
despite a northward latitudinal shift of 15 0 from Dinantian to early Permian 
times (Smith et al. 1973; and see Fig. 1.2 for palaeolatitude reconstructions 
from late Devonian to Namurian times), there was no evidence for any hotspot 
trail across the Midland Valley,, and therefore that the volcanic rocks did not 
have a plume-type origin. Indeed, the geographical distribution of 
Carboniferous volcanic rocks presented in Fig. 1.3 show no evidence for 
consistent migration of volcanism with time. 
About 50 Ma prior to the Carboniferous volcanism, the Midland Valley 
and adjacent regions experienced volcanic activity in the form of caic-alkaline 
arc magmatism. Genesis of these earlier so-called Old Red Sandstone (ORS) 
lavas was associated with subduction and eventual closure of the Iapetus 
Ocean (Thiriwall, 1979; 1981; 1983). In contrast, the later Dinantian lavas have 
alkaline, intraplate affinities, owing little to the processes of subduction 
(Francis, 1978a; 1978b; Upton, 1982). De Souza (1979) however, noted the 
possible significance of subduction and collision processes associated with the 
Hercynian orogeny, the subduction zone being far to the south in Europe. 
It is worth noting that the Dinantian volcanic rocks represent a relatively 
rare example of Palaeozoic intraplate volcanism: most Phanerozoic events of 
this type are confined to the Mezozoic or Tertiary. It would appear to be 
necessary to have a ' large continent - --undergoing"-1ncipient' breakup' from"- 
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Table 1.1. 	Classification of Scottish Carboniferous basaltic rocks. 
Basalt type Phenocrysts Macdonald (1975) 
(MacGregor. 1928) Essential 	Sometimes present 
Microphyric 	Jedburgh ol 	p1 Microphyruc ol-pl-sp-phyruc 
hawaiites (occasional basalts) 
1< 2mml 	Dalmeny ol 	 cpx p1 Microphyruc ol- or 
ol-cpx-phyric basalt 
Hillhouse ol 	 cpx Microphyric oHcpx - phyruc 
basalt 
- Macrophyric 	Markle ol 	p1 . 	 . Macrophyruc ol-pl+sp-phyric 
basalts or hawaiites 
(> 2mm) 	Dunsapie ol p1 cpx Macrophyric ol-cpx-pI-sp 
hawaiites or 
ol-cpx-pl-phyric basalts 
Craiglockhart .ol cpx 	 . 	 . Ankaramute 
ol:olivine; cpx: clinopyroxene; p1: plagioclase; sp: spinel 
A1 
J77 
NAMU AlAN - 
LATE DEVONIAN 
Fig. 1.2. Pálaeolatitudes for the British Isles during late Devoniàn and Namurian 
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tensional stresses for such volcanism to be initiated. While such conditions 
were satisfied in the Proterozoic and Mesozoic to Tertiary, it seems that 
Palaeozoic continents were of insufficient size for intraplate magmatism to 
have been important. A study of British Carboniferous volcanism may therefore 
contribute towards a better understanding of the general nature of Palaeozoic 
intraplate petrogenetic processes. 
13. Rock classification 
British Carboniferous volcanic rocks have over the past century been 
described using a classification scheme based upon phenocryst size and 
assemblage. This was used by various workers but was unified by MacGregor 
(1928). In this classification, the rocks were divided into microphyric and 
macrophyric members, the division between the two being based on a 
phenocryst size set arbitrarily at 2 mm (Table 1.1). The usefulness of this 
scheme in field mapping and petrographic studies has probably been the 
reason for its tenacity in the literature. However, the fact that the scheme lacks 
international recognition, combined with the fact that no known petrological 
significance has been found for the phenocryst size division, has led to its 
downfall in the more modern literature (Macdonald, 1975; Macdonald et al. 
1977; Macdonald, 1980; Smedley, 1986). Macdonald at al. (1977) abandoned the 
scheme as they found that many of the Markle and Jedburgh basalts of the 
Campsie Fells (Table 1.1) could be better described as hawaiites. Macdonald 
(1975) chose to use the scheme of Coombs and Wilkinson (1969) for his 
classification of the Dinantian lavas. This scheme involves the use of normative 
plagioclase content (lOOan'(ans-aL');hereafter named An#) and the Differentiation 
Index (D.l.; Thornton and Tuttle, 1960). Macdonald (1975) thus divided the 
Dinantian lavas into basalts (An# > 50, D.I. < 65), basaltic hawaiite (An# = 
50-45, D.I. < 65), hawaiite (An# = 45-30, D.I. < 65); mugearite (An# = 30-10, 
D.I. < 65), benmoreite (0.1. = 65-75), trachyte and rhyolite (D.l. > 75). The 
same classificaton scheme has been used here. Members of the basanite suite 
(normative ne > 5%: after Coombs and Wilkinson, 1969), as well as low-K 
tholeiite (Macdonald, 1975, 1980) have also been found. Trachyte has been 
distinguished from rhyolite on the basis of whole rock Fe203 and A1 20 3 content 
(section 5.1). MacGregor (1948) and Macdonald (1975) noted that a suite of 
volcanic rocks in the southern part of the Clyde Plateau differed from the rocks 
of the rest of the province by the presence of amphibole phenocrysts. These 
they termed trachybasaltandtrachyandesite, a1thoughMacdonald (1975) noted 
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that they were not notably potassic. In this study, amphibole-bearing rocks 
from the Strathaven-Eaglesham region have been included in the basalt to 
trachyte and rhyolite suite outlined above. 
Using the Macdonald (1975) scheme of classification, the rocks analysed 
here are found to be dominantly basalt, basaltic hawaiite and hawaiite, with 
progressively smaller volumes of basanite, mugearite, benmoreite, trachyte and 
rhyolite. 
1.4. Regional distribution of Dinantian volcanism 
The Midland Valley volcanic suite forms only part of a much larger 
petrographic province, extending southwards to the Scottish Borders, Lake 
District and Derbyshire and southern England, as well as westwards into 
Ireland. The greatest volume of magma was however, produced within the 
Midland Valley itself (Fig. 1.1). Tomkeieff (1937) estimated that 6000 km 3 of 
magma was produced in Scotland during the Dinantian. Although volcanism 
continued sporadically throughout later Carboniferous and early Permian times, 
more than 80% of the Permo-Carboniferous activity appears to have been of 
Dinantian age (Tomkeieff, 1937). 
Compared to the time encompassed by volcanism in the province as a 
whole, individual lava successions were built up over relatively short intervals 
(Fig. 1.2). The oldest Dinantian volcanism was almost entirely restricted to 
districts lying south of the Midland Valley, in the Scottish Borders (Fig. 1.2). 
The Tournaisian Birrenswark lavas adjacent to the Northumberland Basin (Fig. 
1.1) comprise 90 m of transitional basalt and hawaiite, and have been dated at 
361 + 7 Ma (De Souza, 1982). The Birrenswark lavas are penecontemporaneous 
with the Kelso lavas further northeast. These latter form a horseshoe-shaped 
outcrop around Kelso and comprise lavas and associated plugs of basalt and 
dolerite. Despite the petrographic and chemical similarity between the 
Tournaisian Birrenswark and Kelso lavas, Leeder (1974) has shown on the basis 
of isopach maps that the two lava sequences were erupted into separate 
topographic depressions and were probably never continuous across the whole 
region. The only other Tournaisian activity is evidenced by the minor 
occurrence of basaltic tuff, followed by 30 m of ankaramitic basalt lava at 
Craiglockhart Hill in Edinburgh. 
Visean activity in Britain was widespread. Outcrops of volcanic rock 
include the Cockermouth lavas in Cumbria, the Scarlett Volcanics in the Isle of 
Man, parts of the Derbyshire Dome, Gloucestershire and southwest England. 
Lava sequences are sporadically exposed from Ballvcastle to the Shannon 
estuary in Ireland as well as in the Scottish Borders, Scottish Highlands and the 
Midland Valley. In the latter region, volcanism was dominantly basic although 
the occurrence of trachytic and rhyolitic flows and intrusions indicates that acid 
as well as basic magma was being produced during the Dinantian. 
In East Lothian, the earliest Visean activity is represented by 200 m of 
tuff, followed by 160 m of basalt, hawaiite and mugearite (Upton, 1982; Francis, 
1983). Later activity involved large volumes of trachytic magma in the Carleton 
Hills. Sanidine phenocrysts in the trachytes yield ages of 355-350 Ma (De 
Souza, 1982). The location of the feeders for the East Lothian lavas remains in 
dispute since no suitably large vents or plugs outcrop in the area. However, 
the marked thinning of the volcanic sequence in the Spilmersford Borehole, 7 
km further west (McAdam, 1974) suggests that the lavas issued from vents 
close to the East Lothian outcrops and may be buried below the Carleton Hills 
lavas (Macdonald, 1975). The Elidon Hills in the Scottish Borders consist of 
trachyte and minor riebeckite-felsite intrusions which have been dated at 336 + 
7 Ma (De Souza, 1982) and are thought to be compositionally similar to the 
Carleton Hills trachytes. 
The 	Holyrood 	Park 	lavas 	in 	Edinburgh 	appear 	to 	be 
penecontemporaneous with the East Lothian lavas (354 + 5 Ma: Fitch et a/ 
1970). These are associated with numerous basaltic plugs and 
agglomerate-filled vents. 
Following this activity in the eastern Midland Valley, volcanism in later 
Visean times appears to have shifted further west (Fig. 1.2, 1.3). Here, a large 
volume of dominantly basalt and hawaiite, thought to have once covered an 
area of 3000 km  (Francis, 1983), composes the Clyde Plateau which forms a 
large C-shaped outcrop around Glasgow. De Souza (1982) assigned a mid- to 
late-Viseari age to these lavas (332-326 Ma), the topmost lavas in the 
Strathaven region yielding an age of 327 + 7 Ma (De Souza, 1979). The Clyde 
Plateau lavas appear to be diachronous since they rest on Tournaisian strata in 
Stirlingshire, whereas in Ayrshire they overlie ORS sediments (Francis, 1983b). 
Sporadic. outcrops of Visean volcanic rocks are also found to the east of the 
Clyde Plateau, around Carnwath. In addition, small outcrops further west in 
Bute, Little Cumbrae, Great Cumbrae, Arran, Kintyre and Ballycastle in northern 
Ireland, form discontinuous extensions of the Clyde Plateau volcanism. In Great 
Cumbrae, basic and acid dykes are thought to represent the feeders of many of 
the Clyde Plateau flows nearby, but little is so far known about them. 
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An isolated outlier of lava flows also occurs in Ben Bowie to the west of 
Loch Lomond. These lavas, and those of Kintyre, form the only outcrops to the 
northwest of the Highland Boundary Fault. However, since there is no evidence 
of any vent in the Loch Lomond region, and since the flows are 
petrographically similar to those of the Kilpatrick Hills further south, the Ben 
Bowie lavas have been taken to represent material which flowed northwards 
from the Clyde Plateau region. 
Activity returned briefly to the Borders in the Visean and produced a 
sequence of olivine basalt lavas around Kershopefoot. A later brief interval of 
tuft eruption is also represented by the Glencartholm Volcanic Beds in the 
same area (Fig. 1.2). 
The Visean activity of the Limerick Basin of central Ireland is represented 
by basaltic lava and tuft produced in a similar stress regime (i.e. a northeast-
to southwest-trending graben) to that of the Scottish Midland Valley (Strogen 
1973). In the latest Visean and early Namurian, activity appears to have 
recommenced around Kinghorn in Fife and in the Bathgate-Linlithgow area of 
West Lothian. 
At the close of Dinantian times, volcanic activity began to wane and lava 
outcrops became much more restricted. During the Namurian, sill intrusion and 
pvroclastic deposits instead became more prevalent. 
1.5. Post-Dinantian volcanic activity 
Silesian and early Permian lava outcrops appear to be mainly restricted 
to north Ayrshire and the Mauchline Basin (Fig. 1.2). Intrusions are however, 
also scattered around Ayrshire. East Lothian and East Fife. Magmas of this age 
appear to have been dominantly alkaline, with a notable exception being a brief 
interval during the Westphalian to Stephanian, when east-west trending dykes 
and associated sills of quartz tholeiite were emplaced (De Souza, 1979). These 
quartz tholeiite dykes are thought to have been emplaced under a different 
stress regime from that prevalent during the previous volcanism (Francis, 
1 978a,b). 
1.6. Petrochemistry of Dinantian volcanic rocks 
A limited amount of major and trace element data is so far available. 
Macdonald (1975) noted distinct regional variations in major element 
compositions of the Midland Valley volcanic rocks. He concluded that magmas 
in the different regions had separate magmatic lineages and had evolved 
11 
differently. Since many of the differentiation sequences of the volcanic rocks 
cross the critical plane of silica saturation, Macdonald (1975) suggested that 
some of the basic rocks have undergone high pressure crystallisation of 
clinopyroxene only (at > 13 kb) or of olivine + clinopvroxene + plagioclase (> 9 
kb). More evolved rocks (hawaiite and basaltic hawaiite) were thought to have 
been produced by early high pressure fractionation of clinopyroxene, followed 
by later crystallisation of olivine, plagioclase and magnetite at lower pressures 
(Macdonald, 1975; MacDonald and Whyte, 1981).
- 
Attention has also been drawn to the occurrence of three distinct lava 
suites based on normative compositions: the basanite suite (>5% normative 
n, alkali olivine basalt suite (<5% normatiive n and the hy-normative suite 
(Macdonald, 1975). Hy-normative lavas occur mostly in the Dinantian 
sequences, later Permo-Carboniferous rocks are mostly ne-normative 
(Macdonald, 1975), although exceptions include the mid-Carboniferous Passage 
Group lavas of Ayrshire and the tholeiitic quartz dolerites of Westphalian to 
Stephanian age. 
On this basis, Macdonald et al. (1977) concluded that the major element 
compositions of the volcanic rocks could be explained by the development of 
two thermal cycles: one developed from the Dinantian to early Namurian, and 
the second from the mid-Namurian to the Permian. The two cycles involved 
waning of the amounts of partial melting with time, thereby producing rocks 
which became progressively more undersaturated. However, this is in direct 
contrast to the data of MacDonald and Whyte (1981) for the Campsie lavas 
which show the lower flows to be ne-normative, whereas the higher ones are 
hy-normative. 
The only available trace element determinations for Midland Valley rocks 
are from 51 samples (Macdonald, 1980). On the basis of notable variations in 
incompatible trace element concentrations in these samples, it was concluded 
that the mantle source for the magmas was laterally heterogeneous and that 
each region retained its distinctive trace element characteristics for up to 50 
Ma. The nature of this heterogeneity, if it indeed exists, is completely 
unknown. Using a comprehensive data base, an assessment of the degree of 
heterogeneity of the magma source reservoir, together with the processes 
involved in magma genesis, is possible. These processes will be investigated 
in later chapters. 
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CHAPTER 2 
SAMPLING AND REGIONAL GEOLOGY 
Rock samples have been collected for geocherncal analysis from most of 
the major Dinantian lava piles in northern Britain and parts of Ireland. Samples 
have also been obtained from the collection of the Edinburgh University 
Department of Geology, the British Geological Survey, and from H.A.F. De Souza 
(the latter samples prefixed by HS). The collection comprises mostly lava 
samples, although intrusive rocks have also been included, especially in areas 
where intrusions are less altered than their cogenetic lavas (e.g. in the Kelso 
region of the Scottish Borders). In all cases, the freshest, massive portions of 
lava flows and intrusions have been sampled. In order to conduct a 
large-scale geochemical survey of the whole of the Scottish Diriantian 
province, only one sample from each lava flow has been collected, unless 
within-flow compositional variability was obvious in the field. Although several 
evolved rocks have been included in the study, research has been concentrated 
upon basic compositions. Details of regional geology and sampling localities 
are given below: 
2.1. Midland Valley 
2.1.1. Holyrood Park, Edinburgh 
The igneous rocks of Holyrood Park are amongst the earliest Dinantian 
sequences in the Midland Valley. The earliest eruptions covered sediments of 
Cementstone Group age and the topmost lavas are unconformably overlain by 
the oldest members of the Oil-Shale Group (the Abbeyhill Shales; Fig. 2.1; 
Black, 1975). 
Clark (1952a) described 13 lava flows in the Whinny Hill sequence of 
Holyrood Park (Fig. 2.1). Early lavas appear to have been erupted into a shallow 
water, lagoonal environment (Black, 1975), however, evidence from inter-lava 
ashes containing fossil plants suggests that later volcanic activity became 
subaerial as the lava pile built up, unless such detritus was washed in from 
elsewhere. A slightly different sequence of interbedded lavas and tuffs is found 
at Duddingston (Oertel, 1952) and the two sequences cannot be easily 
correlated. 
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hawaiite and mugearite are also present. It appears generally that the more 
evolved feldspar-phyric hawaiites and mugearites occur later in the Whinny Hill 
sequence (lavas 10-13 are mugearite), whereas the lowermost lavas have more 
basic compositions. Sample localities are shown in Fig. 2.1. 
Five vents are exposed in and adjacent to Holyrood Park: the Castle 
Rock vent, to the west of the park, is believed to have been the feeder for the 
lowermost lava flow of Whinny Hill (the Long Row, Fig. 2.1) and lava 2 (Black, 
1975). The Pulpit Rock vent . is thought to have been responsible for the 
eruption of lava flow 3, whilst lava 4 is considered to have been erupted from 
the Lion's Head vent. All later lavas of the Whinny Hill sequence (5-13) appear 
to have issued from the Lion's Haunch vent (Black, 1975). The Crags vent is an 
agglomerate-filled neck to the west of Whinny Hill. 
The Salisbury Crags intrusion is . a teschenite sill, thought to be 
significantly younger than the main episode of volcanic activity in the Holyrood 
Park region. 
2.1.2. Calton Hill, Edinburgh 
The lavas and interbedded tuffs of Calton Hill, Edinburgh represent a 
continuation of the main Holyrood Park lavas, separated from them by the 
Calton and St Margaret's faults. Black (1966) recognised 8 flows (Fig. 2.2): 
ankaramitic basalts at the base give •way to feldspar-phvric basalts in the 
middle of the sequence and the top 3 flows are of mugearite. The topmost 
mugearite flow is covered by Oil-Shale Group sediments. Bedded tuffs are far 
more abundant in the Calton Hill sequence than in the Holyrood Park lava pile, 
apparently because the volcanic rocks of Calton Hill were erupted below sea 
level, whereas the subaerial nature of most of the Holyrood: Park activity 
involved erosion of ash intercalations originally present (Black, 1966,). Sample 
localities are shown in Fig. 2.2. 
2.1.3. Craiglockhart. Hill,.Edinburgh 
The oldest Carboniferous volcanic activity within the Midland Valley 
produced a minor amount of tuff and ankaramitic basalt lava at Craiglockhart 
Hill. The lava is of Tournaisian age (De Souza, 1979). Samples HS158 and E20 
are taken from this outcrop. 
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2.1.4. East Lothian 
The volcanic rocks of East Lothian are penecontemporaneous with the 
Holyrood Park rocks and rest upon sediments of Calciferous Sandstone age. 
The general dip of the extrusive rocks is towards the west. The base of the 
volcanic sequence is seen at North Berwick and inland (Fig. 2.3) and is 
represented by a variable thickness (200 m around North Berwick) of red and 
green bedded tufts. These appear to be water-lain and are frequently 
interbedded with sediments which indicate that a shallow- water, lagoonal 
environment was prevalent in the region during the early period of volcanic 
activity. Above the bedded tufts, a sequence of basic volcanic rocks is exposed, 
including basalt, hawailte and mugearite, the thickest part of the succession 
being around Whitekirk Hill (dough et a!, 1910; Fig. 2.3). Isolated flows of 
mugearite are interbedded with basalt and hawaiite and are easily 
distinguishable in being dominantly aphyric, reddened and platy-jointed. Rare 
occurrences of so-called leucite-kulaite are also present at North Berwick 
harbour, Whitekirk Hill and around Traprain Law. These are hornblende- and 
augite-phyric rocks with a groundmass containing analcite, thought to be 
pseudomorphing original leucite (Bennett, 1945). The leucite-kulaites are, 
however, notably altered and have been excluded from the study. Overlying the 
basic volcanic rocks to the west of the East Lothian outcrop, a thick sequence 
of trachyte lavas and trachytic tufts is exposed. The sequence is thickest in 
the Garleton Hills (Fig. 2.3). 
Intrusions are also common in the area and include numerous basaltic 
and basanitic plugs (the latter being mostly later Carboniferous in age). 
Intrusions of phonolitic trachyte are relatively common and include the Bass 
Rock, Traprain Law and North Berwick Law. Trachytic plugs are also found at 
Pencraig Wood and Athelstaneford (Fig. 2.3). Along the coast near North 
Berwick, numerous. small vents are also well exposed and show evidence of 
intrusion into unconsolidated sediment (Clough et al., 1910). 
The majority of samples collected from the region are basic rocks from 
around Whitekirk Hill, where a sequence of samples going up the lava pile has 
been collected (L11-13, L90-95). Samples have also been collected from East 
Linton (L17, L18, L83-85, L88, L99-101), the River Tyne (L15, L16, L102) and 
North Berwick (L7-9, L96, L97), although a few trachvtic rocks have also been 
included in the study (Fig. 2.3). 
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2.1.5. Kinghorn lavas, Fife 
Lavas in Fife outcrop to the east of Burntisland in a well exposed coastal 
section around Kinghorn harbour, and further inland where exposure is less 
good. Samples have been collected from a traverse up the lava pile along the 
Kinghorn coastal section from southwest to northeast (F195-222; Fig. 2.4). The 
lavas on the shore have an east-northeasterly dip of 20-35 0. The area 
comprises numerous microphyric olivine basalt lava flows, many of them 
separated by thin tuff beds, sandstone, shale, limestone and red bole horizons 
(Fig. 2.4). The base of the sequence is found to the west of Pettycur (Fig. 2.4), 
overlying sediments of Calciferous Sandstone age, whilst the youngest lavas in 
the Kinghorn area are interbedded with sediment of Carboniferous Limestone 
age. Volcanic activity therefore appears to have occurred later on in the Visean 
in Fife than in Holyrood Park and East Lothian. Fitch et 8/, (1970) obtained a 
whole rock K-Ar age of 338+4 Ma from one of the Kinghorn.lavas. Two samples 
from the Binn intrusion near Burntisland (HS160. HS161) have also been 
included in this study since Allan (1924) described this volcanic plug as the 
probable feeder for the Kinghorn lavas (although this has been later disputed 
by Macdonald et at., 1977). 
2.1.6. Bathgate lavas, West Lothian 
The lavas of the Bathgate-Linlithgow region are amongst the youngest 
Lower Carboniferous igneous rocks in the Midland Valley, being latest Visean to 
early Namurian in age (the Visean-Namurian boundary is around 320+5 Ma: De 
Souza, 1982). 
The lava outcrop is elongated north-south and the general dip of the 
lavas and interbedded sediments is westerly to northwesterly. This interbedded 
sediment comprises limestone, shale and thin coal seams of Calciferous 
Sandstone age, as well as limestone and shale of Carboniferous Limestone age. 
These common intercalations of sediment allow relatively good stratigraphical 
control of the lavas to be achieved. At the base of the lavas, to the east, a 
thick sequence of tuffs is also present (Fig. 2.5). The range of compositions in 
the West Lothian outcrops is restricted to primitive basalts and these are 
mostly olivine- or olivine + clinopyroxene-microphyric in nature. A suite of 
quartz dolerite dykes is also shown (Fig. 2.5) cross-cutting the lava and 
sediment succession, mostly in an east-west orientation. These dykes are 
Stephanian in age and have not been sampled. Sample collection has been 
restricted to the central portion of the West Lothian outcrop (13103-1 19, HS91, 
18 
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see Fig. 2.5) and an attempt has been made to collect lavas of varied ages 
within the lava pile. 
2.1.7. Carnwath 
In Lanarkshire, to the east of the main Clyde Plateau lava pile, a thin 
succession of basaltic lavas of Dinantian age is exposed. The main outcrops 
occur around Springfield Reservoir, 8 km north-northeast of Lanark, as well as 
in the vicinity of Carnwath. Samples C418-424 (and HS127) have been 
collected and analysed from this region 
2.1.8. Clyde Plateau 
The Clyde Plateau lavas form the largest continuous outcrop of 
Dinantian volcanic rocks,. extending from the Touch Hills - west of Stirling, down 
to Strathaven in Lanarkshire. Lava flows tend to be localised and interdigitate 
rather than being of great-lateral extent: An attempt has been made to sample 
the Clyde Plateau lavas in different regions and of slightly different ages in 
order that geochemical variations in the lava pile may be determined. 
2.1.8.1. Touch, Gargunnock and Fintry Hills 	 1. 
The northeastern most finger of the Clyde Plateau comprises lavas of the 
Touch, Gargunnock and Fintry Hills which form a relatively well exposed 
escarpment running west-southwestwards between Cambusbarron and 
Stronend. The escarpment is backed by a less well exposed dip slope inclined 
towards the east and southeast (Francis et a/ 1970). In the east of the main 
outcrop, lavas dip at 5-15 0 towards the east and northeast, but further west 
the dip veers towards the southeast or south and is 4-8 0 . Well developed trap 
topography characterises much of the northern part of the area, where lava 
flow tops are frequently rubbly and capped by bole. The lavas of the Touch, 
Gargunnock and Fintry Hills are dominated by teldspar-phyric basalt and 
hawaiite with subordinate mugearite. 
Sample collection in the Touch and Gargunnock Hills has been 
concentrated around the northwest-facing escarpments where exposures are 
best. A traverse up the lava pile of the Gargunnock Hills has been made north 
of Carleatheran (CP319-326; Fig. 2.6), and in the Touch Hills region, samples are 
from Craigbrock Burn, Touch Burn, and around North Third Reservoir 
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(HS15-21) and Cammal Burn (CP303-316). The samples from Boquhan Burn 
represent the lowest flows in this region (belonging to the Skiddaw Group, see 
Francis at al. 1970, pp  142-153) whereas those from Cammal Burn are from 
slightly higher up in the succession (Spout of Ballochleam Group lavas). The 
lavas of the Gargunnock Hills are relatively old (Basal Group to Spout of 
Ballochleam Group age), whilst the Touch Hills lavas are from the upper part of 
the succession (Gargunnock Hills and Black Mount Group, Francis at al, 1970). 
2.1.8.2. Campsie Fells 
To the southwest of the Fintry Hills, the Clyde PlateaU lava outcrop 
continues and forms the well exposed Campsie Fells near Lennoxtown. In this 
region the lavas generally dip towards the southeast and comprise dominantly 
feldspar-phyric basalt and hawaiite. The longest continuous section through 
the lavas occurs in Campsie Glen (Fig. 2.8) where 33 lava flows have been 
distinguished (MacGregor at al. 1925). These lavas overlie sediments of 
Cementstone Group age (Ballagan Beds; MacDonald, 1973). The lower 1.7 flows 
in the succession are feldspar-microphyric basalts and hawaiites, whereas the 
upper flows, exposed in the upper reaches of Campsie Glen and in Alvain Burn, 
are more varied in composition, with feldspar-macrophyric flows, mugearite 
and trachyte (MacDonald, 1973). The 'trachyte' flow of MacDonald (1973) 
exposed in, Alvain Burn (Fig. 2.8, CP243) has however, been redefined here as 
benmoreite on the basis of normative plagioclase composition and 
differentiation index. 
Prominent alignment of feldspar phenocrysts in the macrophyric upper 
flows indicates that flow direction in these lavas may have been from the 
north-northeast or south-southwest. The former appears to be more likely 
however, since just to the'north of the Campsie Fells, the Fintry-Dumgoyne line 
of volcanic vents is exposed, and it is probable that one (or more) of these 
vents represents the feeder for the Campsie Glen lavas (MacDonald, '1973). 
Samples have been collected from the Campsie Glen, Alvain Burn and 
the hill to the east of the Glen (Fig. 2.8) where some of the -higher flows are 
exposed. 
2.1.8.3. Kilpatrick Hills 
In the Kilpatrick Hills escarpments on the north side of the River Clyde, a 
prominent succession of lava flows with, in places, well developed trap 





tones Other basalts and 
trachybasaits 
Mugearite lf_I 
Trachvte . //D Dykes 	0 	 300 	600 
Fig. 2.8. Geological map of Campsie Glen showing sample localities. (After 
MacDonald, 1:973). 
Catythrsty w.ii 













Overtount( .4 2 	 A86 
--297 	 Jay 44 

















• 	Fig. 2.9. Simplified topographical map' of the Kilpatrick Hills showing sample 
localities. All sample numbers in Figs. 2.8 and 2.9 'are prefixed by 'CP' in the 
text. 	 S 	 S 
24 
pitching towards the southeast at an angle of around 200  (Tyrrell 1912). The 
lavas of the Kilpatrick Hills are separated from those of the Campsie Fells by 
the Campsie Fault. The 4 lowest microphyric flows in Auchineden Hill (Fig 2.9) 
appear to correspond with the 17 lowermost microphyric lavas in the Campsie 
Glen. Above these 4 flows a group of macrophyric lavas and sparse mugearite 
flows may correspond with the upper group of lavas of the western Campsie 
Fells (dough et a/. 1911). 
Sampling of the Kilpatrick Hills lavas has been concentrated around the 
Kilpatrick Braes, Auchineden Hill and Lang Craigs (Fig. 2.9). A traverse from 
Kilpatrick Braes via Loch Humphrey towards the Duncolm vent intrusion 
(CP486-503) has enabled the most complete sequence of the Kilpatrick Hills 
lavas to be sampled. The sequence is dominantly of porphyritic basalt and 
hawaiiite with subordinate interbedded tuff horizons, especially in the crags to 
the south of Loch Humphrey Burn. 
2.1.8.4. Vent Intrusions 
Whilst it has been the intention to concentrate specifically on lavas in 
the Clyde Plateau, several of the vent intrusions from the Kilpatrick Hills and 
Campsie Fells region have been collected and analysed. Samples from 
Dumbarton Rock (HS149), Dumbuck (CP465-466), Catythirsty (CP468) and a 
small dyke immediately adjacent (CP469), Meikie Caldon (HS148), the Corrie of 
Balglass (CP511, CP512; Fig. 2.7), Dungoil (HS107) and Dunmore (HS105) have 
been included in the study since they are believed to represent the feeders of 
many of the Clyde Plateau lavas. 
2.1.8.5. Ayrshire and Renfrewshire 
On the south side of the River Clyde, the Clyde Plateau lavas outcrop in 
a tract from around Loch Thom in the northwest, through Largs, Lochwinnoch, 
Beith, Eaglesham and down to Strathaven in the southeast (Fig. 1.3). Samples 
from the northwestern part of this tract have been mostly collected from 
Creuch Hill (Figs. 1.3, 2.10), Tourgill Burn, Jock's Castle and Kaim Hill (Fig. 2.10) 
and from the Lochwinnoch region of Renfrewshire (Fig. 2.11). In the Tourgill 
Burn section, an east-west traverse was made down the lava pile (CP516-530) 
to the south of the burn since the latter cuts down through a complicated 
series of faults which have obscured the stratigaphy (D. Stephenson, • pers. 
comm., 1984). The lower flows to the east of Noddsdale Water (Fig. 2.10) are 
microphyric olivine 'basalts with one ankaramite flow (CP530), whereas, higher 
25 






/ 	5.42 532v .___ 533 









530 	Tourgill QJ 
S 	 / I 	f.; / 	 i4fflf 
( 
, 	 Stake 
524 	19 
511.0 Rowantree 
523 521 	Hill 	 Waterhead Moor 
Girtley Hill. 
Box Law 
Brown Hill 	- 
• 	 ((s 
LARGS: 
Gogo Water 	 r' / 
\ IV- Irish 	Black 
Castle Hill 	
) 













Fairlie 	 ' 	/ 	 Camph,ll R'esr 
riiJ/ 
• 	 • • 
Hunterston 	 Kaim Hill 	Cock Law 
HS116 
'Black 'Hill 	 HS 
403 	 115 	0 	 2 
km 
Fig 2-10. Simplified topographical map of Largs and adjacent regions showing 
sample localities. Sample numbers are prefixed by 'CP' in the text.' 
26 
up in the succession, feldspar-microphyric or macrophyric flows predominate 
(CP5 16-527). 
The lava flows of Creuch Hill to the south of Loch Thom (Fig. 2.10) are 
dominantly macrophyric with, in 'places, large plagioclase phenocrysts more 
than 1 cm long. Flows at Jock's Castle, 5 km northeast of Fairlie are commonly 
macrophyric with abundant phenocrysts of clinopyroxene as well as plagioclase. 
The lavas of Kaim Hill to the east of Hunterston (Fig. 2.10) are 
microphyric and feldspar-macrophyric flows representing , the lowermost 
eruptive episodes in this part of the Clyde Plateau since CP403 rests directly on 
conglomerates of ORS age. 
To the east of Largs, the distinctive trap topography of the basalt scarps 
gives way to the Misty Law-Knockside Hills volcanic complex (Fig. 2.10, 2.11) 
which in contrast to the surrounding basalt lavas, mostly comprises trachytic 
and rhyolitic rocks, both as lavas and intrusive forms, associated with vents 
and bedded tuffs (Johnstone, 1965). Kennedy (1958) referred to the Misty Law 
complex as the summit caldera of the volcanic sequence. Johnstone (1965), 
however, rejected the caldera hypothesis, proposing the alternative explanation 
that the igneous rocks, of the Misty Law region represent a felsic phase of 
igneous activity in the Clyde Plateau, being localised to this region due to the 
viscous nature of such acidic magmas. Johnstone (1965) noted the abundance 
of dykes (especially felsic dykes) to the west of Misty Law, in contrast to their 
absence to the east •and explained this in terms of dyke intrusion into 
pre-existing Clyde Plateau lavas in the west, with flows to the east being 
younger and therefore covering any dyke intrusions in this area. 
To the east of the Misty Law-Knockside Hills complex, basaltic lava 
flows are well exposed around Lochwinnoch. Sampling has been carried out on 
a tract from Craig of Todholes, north of Muirsliel Country Park, to Castle 
Semple (CP548-574; Fig. 2.11). In this region, the lavas dip towards the 
southeast at an angle of about 200,  with the result that the traverse ascends 
the lava pile towards the southeast. Lavas in the Lochwinnoch region are 
dominantly porphyritic with phenocrysts of feldspar, olivine and clinopyroxene 
being abundant, although several aphyric as well as trachytic rocks, just to the 
west of the River Calder, are present. Craggyoutcrops around Craig Minnan 
(Fig. 2.11) appear to have an intrusive form. 
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2.1.8.6. Strathaven 
This southeasternmost extension of the Clyde Plateau comprises 
numerous basaltic lavas and minor mugearite and trachyte flows. The basaltic 
lavas are dominantly microphyric but macrophyric types, many containing large 
phenocrysts of plagioclase, are also present. A few flows of ankaramite also 
occur. Good exposures are found in a section of the Little Calder 6 km west of 
Strathaven (CP123-131), in Calder Water (CP144, CP145), Avon Water 
(CP139-141), south of Chapelton (CP136-138) and around,. Cladance Moss 
(CP121). In the Little Calder stream section, basaltic lavas are capped by 
volcaniclastic material containing large boulders of trachytic and trachyandesitic 
composition (CP130 is a sample from one such block). 
Minor intrusions of trachytic and trachyandesitic composition are also 
represented, one notable rounded plug of intermediate composition occurring 
at Loudon Hill (CP132). 
2.1.9. Little Cumbrae 
The island of Little Cumbrae in the Firth of Clyde is composed almost 
entirely of Dinantian tavas (Fig. 2.12), probably associated with the main Clyde 
Plateau volcanism further east. The lavas here are folded into a gently dipping 
asymmetrical syncline with a north-south axial trace (Caldwell, 1973) and an 
east-west traverse across the : island allows the complete sequence to be 
observed (Fig. 2.12; LC364-373). Eight lava flows are present on the island and 
comprise either feldspar-phyric basalt and hawaiite or mugearite. 
2.1.10. Great Cumbrae 
The island of Great Cumbrae, just to the north of Little Cumbrae, 
dominantly comprises sediments of Upper Old Red Sandstone and Calciferous 
Sandstone age (Caldwell,' 1973; Fig. 2.13). The island is also cross-cut by 
numerous northeast- to' southwest-trending dykes of Calciferous Sandstone 
age, a few Stephanian east-west-trending dykes of quartz dolerite 'and minor 
occurrences of northwest- to southeast-trending Tertiary dykes. Two episodes 
of intrusion are recognisable in the Dinantian dyke swarm: an early one of 
porphyritic basalt and a later one of trachyte and associated bostonite (Tyrrell, 
1918; Caldwell, 1973; but see Gunn et al. 1903 for an alternative chronology). 
A' few isolated plugs and sills of basalt and bostonite are also present (Fig. 
2.13). 
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Fig. 2.12. Geological m 
of Little Cumbrae showir 
sample localities. Samp 
numbers are prefixed 
'LC' in the text. 	(Aft 
Caldwell, 1973). 
Fig. 2.13. Geological map 
• of Great Cumbrae showing 
sample 	localities. 	All 
• sample numbers - are 
• prefixed by 'GTC' in the 
text. (After Caldwell, 1973). 
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Only a limited set of samples from Great Cumbrae has been studied 
(GTC381-399) due to the altered nature of the rocks. GTC381 is a sample of a 
basaltic northeast- to southwest-trending dyke; GTC390, GTC392, GTC396 and 
GTC399 are dykes of trachyte and GTC384 is porphyritic basalt from the Bell 
Craig plug (Fig. 2.13). This intrusion contains large augite phenocrysts and is 
associated with numerous xenoliths as well as vent agglomerate. GTC386 is 
from the feldspar-microphyric plug of Skate Point and GTC394 is from a 
macrophyric sill at Millport Harbour. 
The abundance of dykes of evolved composition in the Great Cumbrae 
dyke swarm bears some resemblance to the situation in the Misty Law-
Knockside Hills area, and it may be that these dykes represent western 
offshoots from this volcanic complex. 
2.1.11. Bute 
The southern part of the Island of Bute in the Firth of Clyde mostly 
consists of sediments of ORS age and lavas of Calciferous Sandstone age. 
Lavas consist of basalt, basaltic hawaiite, hawaiite and trachyte which rest 
uriconformably on ORS and Calciferous Sandstone sediments (Smellie, 1916). 
The lavas dip towards the southwest at an angle of 20-30 0 (Fig. 2.14) and form 
long ridges in the direction of strike, with well developed trap topography and 
good exposure in many places. 
The lava succession is well exposed in a traverse from The Plan 
northeastwards to Hawk's Nib (samples B346-360) although the sequence has 
been shifted by the Glen Callum strike-slip fault (Fig. 2.14). Further north, small 
outliers of Dinantian lava occur at Loch Quein and Loch Ascog and samples of 
these have also been collected (13328-331, B361-363). 
Lavas of differing composition are found in the succession with no 
definite temporal grouping of compositional types (Smellie, 1916). Smellie 
attributes this to derivdik.ni of the avas from the mcru very sm&' vents in 
south Bute: Suidhe, Creag a Mhara and Dunagoil. If lavas were erupted from all 
these structures at the same or different times, interdigitation and limited 
lateral extent of flows might be expected. 
Numerous intrusions are also present in the southern part of the island. 
Three exposures in the west (B333-337, Fig. 2.14) have been described as sills 
by Smellie (1916), although they were originally mapped as lavas by the 
Geological Survey. Basaltic plugs also outcrop at Suidhe and Hawk's Nib. The 
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-Fig. 2.14. Simplified- geological map- of- South -Bute showing sample localities. 
Sample numbers are-prefixed by 'B' in the text. Taken from Geological Survey 
maps and after Smellie (1916). - 
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anorthosite and olivine-pyroxenite (Smellie, 1916). A composite sill of Tertiary 
age also cross-cuts the lava succession at St Blane's Hill and Glen Callum Bay 
(Fig. 2.14). 
2.1.12. Arran 
Basaltic lavas of Visean age outcrop on the northeastern shore of Arran 
near Corrie. The lavas here have a general southerly dip of about 200  (Gunn, 
1903). Samples A1-13 were collected by B.G.J. Upton. 
2.2. Scottish Highlands 
2.2.1. South Kintyre 
The rocks of south Kintyre include sediments of ORS and Calciferous 
Sandstone age as well as Dalradian metasedimentary rocks. Lavas of 
Calciferous Sandstone age also outcrop in three main areas. A small area of 
lavas outcrops to the north of Campbeltown (Fig. 2.15). A larger area outcrops 
in a section from Machrihanish on the west coast to Tirfergus and Killellan, 
and a third area occurs on the south coast of Kintyre at Southend. All three of 
these areas have been sampled (KT146-153, KT154-183 and KT184-192 
respectively). An isolated outcrop of basalt also occurs at Macringan's Point to 
the north of Campbeltown Loch. This is shown as lava on the Geological 
Survey 1 inch map, sheet 12, although it may be an intrusive body. The lavas of 
south Kintyre are dominantly basaltic, commonly macrophyric and occasionally 
ankaramitic (e.g. T:rfergus Hill summit: KT147, KT171, KT172, KT174 and the 
Machrihanish shore: KT160). McCallien (1927) noted however, the abundance of 
evolved lavas of trachytic composition, notably in the upper group of lavas. At 
Tirfergus Hill, well developed trap topography is visible in the 
southeast-dipping lavas. 
Several intrusive rocks of evolved composition are also exposed in the 
area. Intrusions at Kilkerran, Killellan (Fig. 2.15, KT183) and Mid Losset (KT154) 
are trachytic in nature. An intrusion of doleritic material occurs to the west of 
Trfergus' Hill summit (Fig. 2.15, KT175). In addition, two dykes on the 
Machrihanish shore have been collected despite the uncertainty in their ages. 
They are vertical dykes which cross-cut cornstones of ORS age in a cliff 
section southwest of Losset. The smaller, most northerly of the two dykes, is 
believed by McCallien (1927) to be of Tertiary age although there is no good 
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Fig. 2.15. Geological map of South Kintyre showing sample localities. All 
sample numbers are prefixed by 'KT' in the text. Taken from Geological Survey 
maps. 
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2.2.2. Ben Bowie 
Two miles to the west of Balloch on the southern shore of Loch 
Lomond, a small outlier of basaltic lava flows is exposed around the summit of 
Ben Bowie. The hill is orientated northeast-southwest and is surrounded by 
Dairadian metasediments. Up to 6 lava flows are present here (mostly 
plagioclase-phyric), but the outcrop is generally poor and the lavas altered. 
The outlier forms a rare outcrop of Dinantian lava to the northwest of the 
Highland Boundary Fault. However, the lavas appear to be. petrographically 
similar to many flows from the Kilpatrick Hills further south and it is likely that 
they represent lava that flowed northwards across the Highland Boundary Fault 
from volcanoes responsible for the Clyde Plateau lavas. 
Samples CP505, CP507 and CP510 have been collected from the Ben 
Bowie exposure. 
2.3. Scottish Borders 
2.3.1. Kelso 
Lavas of lowermost Carboniferous (Tournaisian) age occur around Kelso 
in the Scottish Borders region, stretching from Whiteadder Water near Duns to 
Carham-on-Tweed (Fig. 2.16). The tavas and enveloping sedimentary rocks 
here are folded into a syncline pitching towards the northeast and the lavas 
also thin out in the same direction (Eckford and Ritchie, 1939; Tomkeieff, 1953). 
The most complete sections are found in the River Tweed (K224-227), the River 
Teviot (K228-230) and the Eden Water (K71-77). In these sections up to 12 
lava flows are determinable (Tomkeieff, 1953). Tomkeieff (op. cit.) recognised a 
lower set comprising dominantly feldspar-phyric lavas, being best developed to 
the south of Blackadder Water, and an upper group of clinopyroxene- and/or 
olivine-phyric lavas, best developed north of the River Tweed. Lavas are 
dominantly basalt, basaltic hawaiite and hawaiite. Most of the lavas in the 
Kelso region are notably altered. 
In addition, a large number of porphyritic olivine basalt and olivine 
dolerite intrusions (plugs, sills and laccoliths; Tomkeieff, 1953) are exposed in 
the region. They are found among sediments of ORS age and Tournaisian 
lavas but not in Carboniferous sediments. This suggests that the intrusions 
were emplaced soon after the lavas and so may be genetically related to them 
(Tomkeieff, 1953). The intrusions are, in contrast to the lavas, generally very 
fresh and compact and for this reason, many of them have been selected for 
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Fig. 2.16. Geological map of the Kelso region, showing sample.. localities. 
:.sample numbers are prefixed by 'K' in the text. (After .Tomkeieff, 1953). 	., 
W. 
analysis (K56, K63, K69, K78, K79, K231, GC4; Fig. 2.16). 
2.3.2. Eildon Hills 
A suite of acid intrusions in the Scottish Borders north of the Kelso 
region are intruded into ORS and Silurian sediments. Their age is uncertain but 
their, resemblance to evolved rocks of known Carboniferous age (e.g. the 
Carleton Hills lavas) suggests that they are in fact Carboniferous rocks. 
Tomkeieff (1953) divided the intrusions into a northern group, composed of 
quartz-riebeckite felsites of Dirrington Little and Great Laws, Blacksmill Hill and 
the orthophyre of Kyles Hill (Irving, 1930 and Fig. 2.16); and a western group 
comprising the Eildon Hills near Melrose. The latter are composed dominantly 
of traáhyte, although riebeckite felsite is also present (along with minor basalt 
occurring as a neck intrusion). McRobert (1914) described the Eildon Hills as 
the denuded remains of .a composite laccolith. Samples GC5, GC6 and HS54 are 
trachytes from the Eildon Hills and CC7 is a sample of riebeckite felsite. 
2.3.3. Birrenswark lavas, Dumfriesshire 
The Birrenswark lavas, named after a prominent exposure at Birrenswark 
Hill (Fig. 2.17) form a continuous, elongate, northeast-trending outcrop from the 
River Annan to Cleuchfoot as well as more isolated outcrops to the northeast 
of Langholm (Fig. 2.18). Lavas from .the main Birrenswark range occur at the 
base of the Cementstone Group and are underlain by sediments of Upper ORS 
age' (Fig 2.17). The lavas are covered by sediments of Tournaisian age, 
providing clear evidence that the lavas themselves are Tournaisian (Francis, 
1983b). Samples BK434-453 have been collected from the main Birrenswark 
lavas In Middlebie Burn, a continuous section through the lavas is visible 
(BK437-444) with progressively older flows downstream. 
2.3.4. Langholm 
In the Langholm district, three episodes of volcanic activity are evident. 
The oldest of these is represented by the Birrenswark lavas (McRobert, 1920; 
Fig. 2.18). Exposures of these are present to the northwest of Liddel Water 
above its confluence with Hermitage 'Water and west of Dinley Fell as well as 
around Coombs Fell (GC12), Auldshiels Hill and Kirk Hill. In Kirk Hill, the lavas 
have a southeasterly dip of about 25 0 and a traverse across 'the lava 
succession has been made (BK425-429). 
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Fig. 2.18. Simplified geological map of the Langholm district showing sample 
localities. Sample numbers are prefixed by 'BK' in the text. Taken from 
Geological Survey maps. 
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Above the Birrenswark lavas in this region, a total thickness of about 
500 m of sandstone (the Whita Sandstone) and cementstone are present (Elliott, 
1960). These are in turn overlain by 60 m of olivine basalt (the Kershopefoot 
basalt: Lumsden et a!, 1967; Francis, 1983b). Outcrops of this occur to the 
northeast of Kershopefoot (samples BK431-433), at Greena Hill (BK458), north of 
Tinnisburn Forest and in Raegill Burn (BK457). Later volcanic activity in the 
Langholm region is represented by a sequence of tuffs, tuffaceous sediments 
and sediments, collectively termed the Glencarthoim Volcanic, Beds and these 
are separated from the older Kershopefoot lavas by sediments of Middle Border 
Group age (Lumsden et al. 1967). Numerous volcanic plugs are present in the 
area. Plugs on Pike Fell, on the east side of Arkieton Hill and at Coombs Fell 
may be the sites from which the Birrenswark lavas issued; Other necks, such 
as at Tinnis Burn, may be the feeders for the Glencartholm Volcanic Beds and 
perhaps also the Kershopefoot lavas (McRobert, 1920). Numerous plugs of 
evolved composition (trachyte, phonolite and phonolitic trachyte) have also 
been described by McRobert (op. Cit.). 
2.4. Cumbria 
2.4.1. Cockermouth lavas 
In a region stretching from the Derwent Valley west of Cockermouth, 
almost to Bothel, outcrops of the Cockermouth lavas are exposed. Up to 4 or 
5 lava flows of Lower Carboniferous age are recognisable here (Eastwood et a!, 
1968). The best exposures are found in the Wood Hall region where they are 




Minor exposures of Dinantian lava are present around Ballvcastle on the 
northeast shore of Antrim. Exposures are best around Bath Lodge, the Carey 
River, Murlough Bay and Glenshesk River, where they overlie sandstone and 
conglomerate and are immediately overlain by tuff and rnudstone of 
Carboniferous age (Wilson and Robbie, 1966). Samples GC14 and GC15 are 
from this region. 
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2.5.2. Umerick Basin 
Lavas of Visean age are exposed in a region mid-way between Limerick 
and Tipperary and are associated with a thick sequence of Lower Carboniferous 
sediments. Ashby (1939) divided the lavas into a lower.and an upper group, 
where the lower group comprises porphyritic olivine basalts and the upper 
group consists of a greater range of compositions. Samples LMK1-19 are 




3.1. Phenocryst assemblages 
The phenocryst assemblage of a volcanic rock suite is an important 
indicator of its crystallisation history. Emphasis has therefore been placed on 
phenocrysts rather than other petrographic features such as groundmass 
textures and grain sizes in this account. One major problem with the 
interpretation of phenocryst assemblages is that the recognition of a mineral as 
a phenocrvst is not always simple. Phenocrysts are often defined as larger 
crystals set in a finer-grained groundmass. Frequently however, 
microphenocrysts have similar dimensions to groundmass crystals and are only 
distinguishable from the groundmass by their. habit. Also, rapid quenching of 
magmas may lead to the crystallisation of larger grains (Russell, 1985). 
Porphyritic textures are largely ascribed to periods of slow cooling during 
which time the phenocrysts grow, followed by a period of quenching during 
which the groundmass crystallises. This may imply that the phenocrysts or 
phenocryst assemblages were in equilibrium with the host melt throughout 
their growth history. Large crystals embedded in a fine-grained groundmass 
may however, be early formed, intratelluric phases which were out of 
equilibrium with the melt when the magma was erupted or emplaced. Such 
crystals may have crystallised at high pressure and may show evidence of 
resorption and reaction with the melt. These disequilibrium phases may be 
either cognate to the host or accidental xenocrysts. However, since it is often 
very difficult from petrographic evidence alone to prove whether a crystal 
phase is cognate or accidental (Cox et al., 1979), the term 'xenocryst' has here 
been restricted to phases which are obviously incompatible with the host (e.g. 
quartz  ............. 
The term 'megacryst' is frequently used as a non-genetic term for large 
crystals. However, as will be shown, many intratelluric phases are smaller than, 
or indistinguishable in size from the groundmass. Consequently, the term 
'phenocryst' has been used throughout to describe crystals (equilibrium or 




One of the major problems in the study of Lower Carboniferous volcanic 
rocks is the inevitability of varying degrees of alteration. Many lavas from the 
Scottish Dinantian province have suffered late magmatic or post magmatic 
processes such that great care needs to be taken on sample collection and 
rock analysis. All gradations in rock freshness are present however. Many of 
the lavas have only undergone slight alteration and numerous intrusions have 
maintained a completely fresh condition. 
Olivine is a ubiquitous constituent of the basic volcanic rocks. Wholly 
fresh olivine is rare and phenocrysts tend to be either partially serpentinised 
along irregular internal cracks and rims, or else totally pseudomorphed by 
red-brown iddingsite, greenish bowlingite, calcite, chlorite or opaque minerals. 
In most cases, pseudomorphs after olivine phenocrysts tend to be euhedral or 
subhedral and are therefore readily identifiable in thin section. lddingsite and 
bowlingite are also frequently visible in the groundmass, indicating the original 
presence of groundmass olivine in many of the basic rocks. 
The pyroxene is mostly augite or titanaugite which usually remains quite 
fresh, although occasional alteration to chlorite is apparent. Orthopyroxene is 
absent although it has been noted in rocks from the Langholm district (e.g. 
Coombs Fell, Hog Fell, Howgill Svke:  Upton, 1982; Russell, 1985) where it has 
been interpreted as a xenocryst phase. 
Plagioclase and alkali feldspar are common phenócryst and groundmass 
phases. All gradations from completely fresh to altered feldspar occur, the 
dominant alteration products being sericite, analcite, chlorite and calcite. 
Albitisation of plagioclase is also quite a common feature and has been 
reported in various parts of the province (Bailey and Grabham, 1909; Smellie, 
1916; Tomkeieff, 1945; Clark 1952a; Pallister, 1952). This process appears to 
have affected the most calcic plagioclases (Bailey and Grabham, 1909) and it 
has been noted to accompany the process of groundmass zeolitisation (Smellie, 
1916). 
Opaque phases range from Al- or Cr-spinel to titanomagnetite and 
ilmenite. The main alteration effect appears to be in Fe oxidation such that 
magnetites may comprise varying amounts of a maghemite component. 
Amphibole is rare as a phenocryst phase but hornblende occasionally 
occurs in lavas from the south-central part of the Clyde Plateau. Hornblende is 
rarely completely fresh and is usually altered to finely divided opaque material. 
Groundmass crystals tend to suffer the same alteration effects as the 
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phenocrysts. The groundmass is frequently pervaded to varying degrees by 
veins of chlorite, calcite, haematite and zeolite and amygdales are often infilled 
with these minerals as part of the same alteration process. Analcite is often 
visible in groundmass interstices and may be an alteration product of primary 
nepheline. 
3.3. Regional variation in phenocryst assemblages 
Macdonald (1975) has noted differences in the phenocryst assemblages 
in various regions within the Scottish Dinantian province. In the lavas of 
Kintyre, clinopyroxene is recognised as an important phenocryst phase in both 
basaltic and hawaiitic compositions, whereas early lavas from the Campsie Fells 
are entirely clinopyroxene-free for a similar range of normative plagioclase 
compositions (An#, Chapter 1). This variation is, in fact, distinguishable for 
many more regions within the province. Figs. 3.1a, b and c display the 
phenocryst assemblages over a range of normative plagioclase compositions. 
No assumption is made of equilibrium between phases (section 3.1) during 
crystallisation and the illustrations merely represent the appearance and 
disappearance of a given set of phases. 
The most basic lavas of the province occur in Fife, the Bathgate Hills 
and Arran (Fig. 3.1a), where almost all the lavas have An#>50 and the major 
phenocryst phases are clinopyroxene, olivine and an opaque phase (spinel or 
magnetite). This is at variance with Macdonald's (1975) observation that Fe-Ti 
oxides are not important as phenocrysts in rocks more basic than hawaiite. 
Russell (1985) however, pointed out that numerous basic samples contain 
phenocrysts of Al- or Cr-spinel, whereas opaque Fe-Ti oxide phases in the 
more evolved rocks are magnetites, and that there is a continuum between the 
two. Petrographically therefore, the two phases have not been distinguished in 
this account and the whole range of opaque oxides has been termed spinel. 
Plagioclase phenocrysts are minor in the above three regions and are totally 
absent in the Arran rocks. Olivine and clinopyroxene phenocrysts occur 
throughout the range of whole rock compositions in these three regions. In 
the Bathgate lavas, plagioclase phenocrysts are only present in rocks with 
An#<55. 
The lavas of Holyrood Park show a greater range of normative 
plagioclase composition. However, the majority are basic rocks (An#>50, Fig. 
3.1a). Olivine and spinel phenocrysts are present throughout the whole range 
whereas clinopyroxene phenocrysts are prevalent in the basic rocks and absent 
44 
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Fig. 	3.1a,b,c. Phenocrvst assemblages over a range of normative plagioclase 
compositions. Compositions with - An# (lOOAn/(An+Ab)) > 50 are basalt, 50-45 
are 	basaltic hawaiite, 	45-30. 	are 	hawaiite, 30-0 	are 	mügearite, benmoreite, 
tràchVte and rhyolite 	(after the 	scheme of Macdonald, 	1975). 	01: olivine; 	p1: 
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in rocks whose normative An# is <50. Plagioclase phenocrysts are present in 
samples with An# between 65 and 12 (Fig. 1.3a). Fig. 1.3a also shows the 
appearance of apatite phenocrysts. These have been found in one basaltic rock 
(H38: An#=56), although they are more important in the hawaiitic and more 
evolved rocks. This is consistent with experiments showing that apatite 
became a liquidus phase in the hawaiite range of compositions at low pressure 
(Russell, 1985). 
In East Lothian, clinopyroxene is an important phenocryst phase in the 
basic rocks but is lost at An#=45 (the basaltic hawaiite/hawaiite boundary; Fig 
3.1a). However, clinopyroxene reappears as a phenocryst phase in the quartz 
trachyte Iavas from this region. Olivine and spinel phenocrysts are present 
throughout the range of An# compositions. Plagioclase does not appear as a 
phenocryst phase until An#=60 but is abundant in the range An#=60-20. 
Apatite again appears in the hawailtic samples (An#40 and more evolved 
rocks). Ilmenite and alkali feldspar appear as phenocrysts only in the trachytes. 
In Kintyre, olivine and spinel phenocrysts are present right through the 
range of rock compositions (Fig. 1.3b), whereas plagioclase is present in rocks 
with An#=65 and more evolved compositions. Clinopyroxene is prevalent in 
the most basic rocks of the suite (especially An#=70-50) but remains through to 
the hawaiitic rocks (cf. Macdonald, 1975). As in East Lothian, clinopyroxene 
phenocrysts appear once more in the evolved rocks from Kintyre despite an 
interval of non-representation in the intermediate rocks. Apatite is present in 
the hawaiites and more evolved rocks. Alkali feldspar (sanidine) occurs in the 
trachytes. 
The rocks of Bute are plagioclase-, olivine- and spine[-phyric 
throughout the compositional range and clinopyroxene is common in the 
basalts, basaltic hawaiites and hawaiites. However, clinopyroxene phenocrysts 
are absent from the more evolved rocks (Fig. 3.1b). 
SimiIr fturc arp cn in the !as and intrusions of the cbre 
islands (Fig. 3.1b), where only the basic samples (LC373 and GTC384) are 
clinopyroxene-phyric. The trachytic dykes of Great Cumbrae have abundant 
alkali feldspar phenocrysts. 
In the Scottish Borders, the Kelso lavas are predominantly plagioclase-, 
olivine- and spinel-phyric. Clinopyroxene phenocrysts are present, although 
sporadic, through to the hawaiites (Fig 3.1b). Ilmenite appears at a late stage 
(An#=27). In the Birrenswark and Kershopefoot lavas, a similar range of 
compositions is observed. Olivine and plagioclase phenocrysts predominate, 
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whilst spinel appears in the basaltic hawalites. Clinopyroxene phenocrysts are 
absent from these rocks, with the exception of the Coombs Fell basalt (0C12). 
Fresh augite phenocrysts have also been noted in the Birrenswark lavas by 
Pallister (1952). 
The Clyde Plateau lavas show fairly large variations in phenocryst 
assemblage. In the lavas of the Touch, Gargunnock and Fintry Hills, olivine + 
plagioclase continue through the whole rock compositional range. Spinel 
appears in rocks with An#50 and cliriopyroxene is almost absent, apart from 
two hawaiitic samples (CP288 and CP298), both of which contain rare, irregular 
and corroded phenocrysts of clinopyroxene. 
The lavas of the Campsie Fells are mostly olivine- and 
plagioclase-phyric. Spinel becomes important as a phenocryst phase in the 
basaltic hawaiite and hawaiite rocks. Clinopyroxene phenocrysts are again 
totally absent in these rocks (in agreement with Macdonald's observations, 
1975). 
The Kilpatrick Hills lavas display abundant plagioclase, olivine and 
opaque oxide phenocrysts throughout the range of rock composition, whereas 
clinopyroxene is most abundant in the most basic rocks (An#=58-54), although 
one hawaiite sample (CP478) also contains numerous phenocrysts of 
clinopyroxene (Fig. 3.1c). 
In the Renfrewshire and Ayrshire lavas (Tourgill Burn, Creuch Hill, Kaim 
Hill and Lochwinnoch), olivine, plagioclase and clinopyroxene phenocrysts are 
abundant in the most basic rocks (Fig. 3.1c). Plagioclase is the most persistent 
phenocryst phase whereas olivine is lost in the hawaiitic rocks (An#<34). 
Phenocrysts of clinopyroxene are absent from rocks with An#<40. Spinel 
phenocrysts are present in rocks with compositions between An#=60-40. 
Around Strathaven-Eaglesham, the volcanic succession shows the 
abundance of clinopyroxene and spinel phenocrysts right through the 
rnmnnsitinnM ranoa 	Ithn,iah it is niipstinnhIa whthør thø e'Iinrirn,rnvono 
disappears in the middle of the range and reappears at more evolved 
compositions due to the lack of samples with compositions between 
An#=32-15. All basic rocks are olivine-phyric but the most evolved 
compositions lack olivine. Plagioclase appears in rocks with normative An#=58. 
Alkali feldspar and apatite occur as phenocrysts in evolved samples. The 
Strathaven-Eaglesham region is relatively unusual in that phenocrysts of 
hornblende are present in rocks of intermediate composition. This feature has 
been noted by other workers and the rocks have consequently been classified 
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as hornblende-trachybasalts and trachyandesites (MacGregor, 1948; Macdonald, 
1975). Amphibole is absent from basic samples here, but is present in some 
basaltic hawaiites and more evolved rocks (Fig. 3.1c). 
It is clear from Figs. 3.1a, b and c that phenocryst assemblages show 
significant variations in different regions within the province. The salient 
features may be summarised: 
Clinopyroxene phenocrysts are most abundant in the most 
basic rocks. In some regions this phase is lost from 
samples more evolved than basalt (e.g. Holyrood Park), 
whilst in other regions it persists into the basaltic hawaiite 
and hawaiite samples (e.g. Kintyre, Bute, Kelso). 
In certain regions (e.g. East Lothian, Kintyre) clinopyroxene 
reappears as a phenocryst phase in some evolved rocks 
despite an interval of non-representation in the intermediate 
compositions. 
Olivine is present as a phenocryst phase throughout most 
of the compositiohal ranges in all regions. It is however, 
often absent from the most evolved rocks. 
Plagioclase appears as a phenocryst phase later in the 
whole 	rock 	compositional 	range than 	olivine 	or 
clinopyroxene, although it is abundant in the basalts and 
persists through basaltic hawaiite, hawaiite and occasionally 
mugearite, benmoreite and trachyte. Some regions are only 
sparsely 	plagioclase-phyric 	or 	are 	plagioclase 
phenocryst-free (e.g. Arran, Bathgate, Fife). 
Spinel phenocrqsts, although sparse, are relatively persistent 
throughout the compositional range. This is in accord with 
Russell (1985) who recognises Al and/or Cr spinel, 
commonly associated with pyroxene or olivine in the most 
basic rocks, whereas magnetite becomes important in rocks 
of basaltic hawaiite and hawalite composition (in agreement 
with Macdonald, 1975). 
Apatite ohenocrvsts first appear in many reaions in the 
hawaiitic rocks (e.g. East Lothian, Kintyre). 
llmenite is generally restricted to the evolved samples. 
Russell (1985) notes that ilmenite only occurs as a 
phenocryst phase in plagioclase-bearing assemblages. 
Hornblende is an important phenocryst phase in the lavas of 
Strathaven-Eaglesham, 	and 	is 	most prominent 	in 
intermediate and evolved rock types. 
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3.4. Textural features of the different rock types 
Textural features such as phenocryst and groundmass grain sizes in the 
Scottish Dinantian province are quite variable due to differences in intrusive or 
extrusive history. Such criteria have however, not been used to categorise the 
rocks under consideration since they are not believed to be critical to their 
petrogenetic history. Thus, all hypabyssal doleritic rocks have been termed 
basalt, basaltic hawailte or hawaiite, for example, according to their normative 
plagioclase compositions and differentiation indices. 
3.4.1. Basalts 
The basaltic rocks of the Scottish Dinantian province display a range of 
petrographic features. Whereas some phenomena are common to many 
regions, others are locally specific. Basaltic rocks include ankaramite which is 
relatively common (e.g. in Holyrood Park, East Lothian, Arran, Kintyre, and the 
southern Clyde Plateau) and corresponds to the 'Craiglockhart' basalt of 
MacGregor (1928). 
In most basaltic rocks, olivine phenocrysts tend to be euhedral or 
subhedral and are often partly fresh (Plate 3.1a,b). The persistence of good 
crystal shape implies that olivine was an equilibrium phase in the basalts. 
Macdonald (1975) recognised two sets of rocks bearing phenocrysts of olivine 
only: one set more basic than the clinopyroxene-phyric rocks and one 
anafagous to the olivine + clinopyroxene + plagioclase assemblages ('Dunsapie' 
basalts). Correlation of these two types  with other porphyritic rocks from the 
Scottish Dinantian province is difficult (Macdonald, 1975). 
In some of the Fife basaltic lavas (e.g. sample F199) many olivines have 
skeletal as well as euhedral forms (Plate 3.1c). Such textures have frequently 
been attributed to rapid crystal growth (Drever and Johnston, 1957; MacKenzie 
t aL 1R2'I. 
Clinopyroxene is generally augite and is mostly pale pink to brown in 
thin section. Phenocrysts of pyroxene in many basalts are rounded, 
subrounded or crenulate in shape, particularly in the ankaramites. Examples are 
common from East. Lothian, Kintyre, Kelso, parts of the Clyde Plateau and 
Holyrood Park. Many have irregular interior zones which comprise later 
groundmass material (e.g. L15, L99, H47) and crystal faces are frequently 
corroded and replaced by groundmass grains (Plate 3.1d,e). Russell (1985) 
concludes that these textural features indicate resorption of pyroxene formed 
at high pressures, early in the magmatic history of the rocks and demonstrate 
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the disequilibrium between the pyroxene phenocrysts and the host melt. 
Occasionally, good crystal faces are apparent. Here, the pyroxene rims 
are notably more pink or brown and approach titanaugite in composition (Plate 
3.1f). In these cases, the pink material appears to be a late overgrowth of low 
pressure pyroxene. Where these titanaugite overgrowths occur, the 
phenocrysts are optically zoned and the internal cores are irregular and much 
corroded. 
The basalts of the Fife and Bathgate regions have some distinctive 
petrographic features. Clinopyroxene phenocrysts in these basalts are 
generally different from the irregular, resorbed crystals of most other regions. 
They usually have well-developed zoning and are pinkish-brown with darker 
rims (Plate 3.2a,b). They are mostly euhedral and glomeroporphyritic (Plate 
3.2c). Several samples contain clinopyroxenes which display sector zoning as 
well as oscillatory zoning (e.g. F195, F200-202, B117, B119, HS94; Plate 3.2b). 
Sector zoning in pyroxene has commonly been attributed to disequilibrium 
cryställisation (Shimizu, 1981) and to rapid growth (Nakamura, 1973; Leung, 
1974). Strong (1969) suggested that sector zoned pyroxenes grew as initial 
swallow-tailed crystals with later infilling of the tails to produce two different 
compositions. Russell (1985) however, observed oscillatory zoning which 
continues right through the sectors in the pyroxenes of Carboniferous basalts, 
and argued in favour of a single growth phase for these crystals. Wass (1973) 
suggested that sector zoning is a function of kinetics: that growth of a 
pyroxene crystal is fast relative to ionic diffusion in the melt. Clinopyroxene 
cores from some of the Bathgate Hills basalts frequently display a sieve texture 
(e.g.13112, B115, Plate 3.2a,c) which appears to indicate an initial period of rapid 
growth whereby melt is trapped by the growing phenocrysts. This is 
consistent with the abundance of sector zoning and also skeletal olivine in 
these rocks. Similar pyroxene phenomena (e.g. sector zoning, glomerporphyritic 
texture and euheurai nabit) We observU iii d basti pug from, Cmbs iG 
near Langholm (0C12). 
Since the pyroxenes from Fife and Bathgate (and Coombs Fell) show 
little evidence for resorption, it is possible that these phenocrysts were able to 
maintain equilibrium with the melt (hence the strong zoning) and may have 
been formed at lower pressures than pyroxenes in basalts from other regions. 
Russell's (1985) experiments on the lavas from Fife however, •indicate that at 
low pressures, liquidus phases comprise olivine + plagioclase, without 
clinopyroxene. These zoned euhedral to subhedral augites appear therefore to 
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represent fairly high pressure phases, although they may have crystallised 
under a range of pressures to near surface conditions (Russell, 1985). 
Russell (1985) also notes the abundance of spine[ (Cr- and/or At-rich) as 
inclusions within both clinopyroxene and olivine phenocrysts in basalts from 
the Scottish Carboniferous province. Inclusions of spinel within olivine and 
pyroxene are mostly very small (< 1 mm) and rounded or subrounded (Plate 
3.2d,e,f). Spinels are also apparent as discrete phenocrysts. In such cases, 
they are usually irregular and often amoeboid in shape, and are clearly 
distinguishable from the groundmass magnetites. These anhedral phenocrysts 
often show clear reaction with the groundmass material (Plate 3.3a), and the 
latter is frequently enriched in small feldspar laths in the region immediately 
surrounding the phenocryst. The irregular and rounded crystal shapes of these 
spinels indicate resorption and the close association with clinópyroxene 
indicates that these too, may be early, high pressure crystals which were out 
of equilibrium with the host melt following eruption to a low pressure 
environment (Russell, 1985). The abundance of groundmass feldspars 
neighbouring many of the discrete spine[ phenocrysts suggests that solution 
released Al into the melt. Since inclusions of spinel within olivine and 
pyroxene are mostly rounded rather than irregular (as in the discrete 
phenocrysts), it is probable that the host phenocrysts have armoured the 
spinels from more extensive resorption. 
Plagioclase phenocrysts in the basalts from most regions tend to be 
euhedral or subhedral, commonly having labradorite to oligoclase compositions 
(e.g. Tyrrell, 1918; Pallister, 1952). Normal, reverse and oscillatory zoning have 
all been noted (Russell, 1985). Normal zoning in plagioclase has been 
attributed to rapid cooling along with contemporary crystallisation of other 
phases, in the absence of volatiles (Loomis, 1982; Smith and Lofgren, 1983), 
whereas reverse zoning may represent isothermal crystallisatiOn or slow 
L0011119, JIJIUIy III the Jieeui..e UI vUILII 	LUUIIII, 	 uItILII aiiu L.JI9I eli, 
1983). Oscillatory zoning, on the other hand, may be a response to periodic 
local convection on the millimetre scale (Loomis, 1982). Plagioclase 
composition is also thought to be related to pressure of crystallisation such 
that at higher pressures, phenocryst growth will have a more sodic 
composition than for equivalent melt compositions at low pressure (Cohen et 
al., 1967; Gutmann, 1977). Prominent zoning is displayed in Plate 3.3c. 
Many of the plagioclases are also internally sieved. In basalts from 
Strathaven, Kintyre, the Touch, Gargunnock and Fintry Hills; Campsie Fells, East 
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Lothian and Holyrood Park, plagioclase phenocryst cores commonly show sieve 
texture with much included groundmass material (Plate 3.3d). Rims are often 
clear. Some of the plagioclases from Bute have clear cores and sieved rims. 
Such sieve textures have commonly been described as rapid growth 
phenomena (Gutmann, 1977). 
Phenocrysts of plagioclase in basalt commonly show rounded crystal 
forms (e.g. Plate 3.3e). Also, some basalts from Bute and Kintyre (KT182, KT193, 
B346) contain plagioclase phenocrysts which display two optically distinct 
zones (Plate 3.3f). In these cases, the core regions are rounded and apparently 
corroded, whereas the later rims are euhedral. There is therefore much 
evidence for disequilibrium growth of plagioclase in many of the basalts, and a 
complex crystallisation history is indicated. 
In sample H38 (Lion's Haunch intrusion), glomerocrysts of clinopyroxene, 
plagioclase, spinel and apatite occur (Plate 3.4b). Russell (1985) describes two 
generations of plagioclase phenocrysts in this rock: one An-rich and one 
An-poor. The An-poor set were out of equilibrium with the host. Russell (op. 
cit.) attributes the incorporation of this latter set to either introduction of 
wall-rock material during violent degassing or to mixing with with more 
evolved, hawaiitic magma. It is therefore possible that the above mentioned 
glomerocrysts may have been derived from hawaiitic magmas since Russell 
(1985) shows that apatite joins other phenocrysts on the liquidus at hawaiitic 
compositions. 
A notable feature in the basalts of Bute, Little Cumbrae, parts of 
Ayrshire, Renfrewshire and the Kilpatrick Hills is an odd intergrowth texture of 
plagioclase phenocrysts (Plate 3.4c,d,e). Here, large, individually zoned crystals 
are aggregated in a type of glomeroporphyritic texture. This kind of 
intergrowth has been described by Vance (1969) and Vance and Gilreath (1967) 
as synneusis texture whereby crystals in the process of growth adhere to one 
aIuuuIu 	ii, 	 uiieuitøtiu.i 	coniwiled 	.iy crysti structure. 	Late 
overgrowth of the phenocrysts has been invoked to explain the interlocking 
• nature of the crystals in such occurrences (Vance, 1969; Vance and Gilreath, 
1967; Kuo and Kirkpatrick, 1982). Synneusis may be a response to turbulence 
during crystallisation (Vance, 1969) and it is notable that many instances of this 
texture appear in the western part of the Scottish Dinantian province. 
The large volume of plagioclase phenocrysts in many basalts from the 
province suggests either that such melts were unusually rich in plagioclase 
• 	components or that plagioclase accumulation may have been important in 
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some areas (e.g. East Lothian: L99-101, Touch Hills: CP292). 
One other feature in the basaltic rocks is the occasional presence of 
small radial sprays of clinopyroxene, frequently within the groundmass. These 
are especially common among the volcanic rocks of Kintyre (KT181, KT192), 
Holyrood Park (H22, H34, H38) and the Corrie of Balglass (CP511). In some 
cases the sprays may be seen coating quartz grains and aggregates (Plate 3.4f). 
The pyroxene appears to be a product of reaction between the quartz 
xenocrysts and the basaltic melt (Middlemost, 1985). 
Groundmass textures in the basalts are frequently ophitic or subophitic. 
Many are also intergranular. Brown titanaugite is often abundant, attesting to 
the alkaline nature of the rock suite. Groundmasses are often fine-grained, 
occasionally glassy (usually devitrified) and interstitial analcite is quite common. 
3.4.2. Basaltic hawaiites 
These rocks show many similarities with the basalts. Basaltic hawaiite 
is especially common in Kelso, the northern Clyde Plateau, Bute,- Birrenswark 
and Renfrewshire. Phenocrysts of olivine are euhedral to subhedral in most 
samples, although they are rarely fresh. Clinopyroxene phenocrysts, where 
present, show many of the resorbed features common in the basalts and many 
are rimmed by brown titanaugite, often lined with small strings of groundmass 
inclusions. Some clinopyroxene phenocrysts occur as crystal aggregates. 
Plagioclase phenocrysts in basaltic hawaiites are usually euhedral laths 
or tablets, often zoned. Some rocks are densely plagioclase-phyric (e.g. 
CP535). Phenocrysts of plagioclase often show multiple growth histories, with 
early rounded cores and a late overgrowth of euhedral plagioclase, as in some 
of the basalts (e.g. K231, KT163, CP408). Sample K231 shows numerous 
subrounded plagioclase phenocrysts which occur alongside corroded 
clinopyroxene and opaque minerals and euhedral olivine (Plate 3.5a). The same 
is seen in 0C4 (Plate 3.5b). These plagioclases appear to have been out of 
equilibrium with the melt during the later stages of crystallisation. 
Phenocrysts of spine[ in the basaltic hawaiites show a range of types. 
Some are irregular, large, amoeboid crystals showing evidence of partial 
resorption, and others are associated with clinopyroxene in a 
glomeroporphyritic texture. However, many of the basaltic hawaiites contain 
euhedral magnetite octahedra which resemble the crystal habit of the 
groundmass magnetites. This feature is consistent with the observations of 
Russell (1985) who described a continuum of opaque phenocryst compositions 
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from AI-Cr-spinel (associated with olivine or cliriopyroxene phenocrysts or as 
irregular, single crystals) in the basic rocks, through to magnetites and 
titanomagnetites in basaltic hawaiite and hawaiite, which show similarities with 
the groundmass magnetite crystals. 
The groundmass of the basaltic hawaiites is variable, usually crystalline, 
but occasionally glassy (now devitrified). In some basaltic hawaiites, slight 
alignment of groundmass feldspar laths is apparent, producing a crude 
trachytoid texture. 
3.4.3. Hawailtes 
The most common phenocryst assemblage in the hawaiite group is 
olivine + plagioclase + spinel. Deviations from this do occur, such as olivine + 
plagioclase only, and clinopyroxene is occasionally present. Phenocrysts of 
plagioclase are usually abundant in this group and are sometimes so densely 
distributed that plagioclase accumulation may be suspected; especially in many 
of the Holyrood Park and. East Lothian hawaiites. In general, plagioclase 
phenocrysts tend to be euhedral, elongate laths and tablets which are 
frequently zoned and occasionally sieved (e.g. CP577, KT161; Plate 3.5c). Some 
feldspar phenocrysts are also synneusitic, especially in Little Cumbrae (e.g. 
LC369). Occasionally the plagioclases are rounded or irregular and appear to 
have been corroded and partially resorbed. 
Olivine is present as a phenocryst phase in the hawaiites of all regions 
and is often quite fresh. The commonness of euhedral and subhedral crystal 
outlines suggests that olivine was an equilibrium Iiquidus phase in the 
hawaiites. 
Spinel is also an abundant phenocryst phase. It is usually found as 
large regular octahedra which grade downwards in size to the magnetites in 
the groundmass. This suggests that the hawaiitic spinels are late-formed 
phenocrysts which crystallised shortly prior, to, or contemporaneously with, the 
groundmass crystals. Less commonly, the hawaiites contain the irregular 
phenocrysts of spinel more common to the basalts and basaltic hawaiites. 
These again, commonly occur as intergrowths with, or inclusions in, 
clinopyroxene. In some samples, amoeboid, apparently partially corroded spinel 
is surrounded by tiny crystals of groundmass magnetite (e.g. Plate 3.5e) which 
suggest that resorption of the original spinel released Fe into the region 
surrounding the phenocryst and initiated later crystallisation of magnetite. 
Clinopyroxene phenocrysts are rare in the hawaiites. Where they occur, 
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they are frequently pale coloured augites showing evidence of marginal 
corrosion and incipient breakup and are often intergrown with plagioclase and 
spinel in a glomeroporphyritic texture (e.g. CP124, CP126, B347, B360; Plate 
3.5f). Occasionally, pyroxene phenocrysts appear to be euhedral or subhedral, 
showing little evidence of resorption. This may represent a later crystallising 
form which is in equilibrium with the host melt, or, as is frequently the case, 
these phenocrysts may be rimmed by a later overgrowth of low pressure 
clinopyroxene which makes the crystal form appear euhedral. 
Apatite is also a common (minor) phenocryst phase in the hawaiites, 
frequently found as inclusions within olivine or clinopyroxene. 
The rocks of hawaiitic and more evolved composition in the 
Strathaven-Eaglesham region also commonly 'contain phenocrysts of 
hornblende. These are usually elongate, euhedral phenocrysts, occasionally 
fresh but usually altered to finely divided opaque minerals (e.g. HS82, HBL; Plate 
3.6a,b). Other phenocrysts include euhedral brown augite, euhedral and often 
zoned plagioclase (e.g. the boxwork zoning of HS82; Plate 3.6c), as well as 
magnetite and pseudomorphs after olivine. 
Groundmass compositions are commonly highly feldspathic. The 
feldspar laths may be randomly orientated, however a common feature is the 
slight development of trachytoid texture (Plate 3.6b). Some samples contain 
much groundmass clinopyroxene (commonly brown titanaugite) which may be 
ophitic, subophitic or granular. Groundmass opaque phases are commonly 
small euhedral magnetites, although skeletal grains of ilmenite are also 
frequently present, especially in the Kelso rocks (e.g. K71, K75, K225). 
Interstitial analcite commonly occurs in the groundmass as well as an infilling 
of amygdales, along with calcite, chlorite and quartz. Biotite is also a relatively 
common groundmass mineral. 
3.4.4. Mugearites 
The mugearites are often reddish due to Fe oxidation. The most 
common petrographic feature of these rocks is their generally aphyric nature. 
They are usually quite fine-grained and the groundmass feldspars are normally 
flow aligned in a trachytoid texture, giving the characteristic platy jointing of 
the rocks at outcrop. Phenocrysts are however, occasionally present and these 
are mostly euhedral or subhedral feldspar laths  (generally of oligoclase), olivine 
pseudomorphs (usually iddingsite) and magnetite. Clinopyroxene phenocrysts 
are entirely absent. Accessory apatite and biotite occur in the groundmass. 
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Tyrrell (1912) noted that in the lavas of the Kilpatrick Hills, groundmass biotite 
was only present in the mugearitic rocks. 
The mugearites are rarely fresh: plagioclase is often sericitised, 
calcitised or albitised; olivine is always pseudomorphed and the groundmasses 
are frequently pervaded by veins of haematite, calcite and chlorite. 
3.4.5. Benmoreites 
The only samples of benmoreite collected are from Strathaven, Kintyre, 
Great Cumbrae and the Campsie Fells. The group comprises rocks which are 
generally altered, with commonly chloritised and reddish haematite-stained 
groundmasses. Phenocrysts of plagioclase are present (e.g. KT165, KT179) and 
these are often zoned. In KT165, rounded plagioclase cores are rimmed by a 
later euhedral overgrowth of plagioclase. The latter is often lined with 
inclusions of groundmass material which indicate that feldspar rims probably 
grew shortly prior to, or during groundmass -crystallisation. Phenocrysts of 
anorthoclase are also apparent in some samples (De Souza, 1979). Olivine 
phenocrysts are pseudomorphed by chlorite, opaques and iddingsite. Magnetite 
phenocrysts are generally small and euhedral. Apatite is also present. One 
Kintyre sample (KT165) contains phenocrysts of augite which, although highly 
altered, are generally euhedral. These phenocrysts appear to be of a different 
generation from those represented in the basalts, basaltic hawaiites and 
hawaiites in Kintyre. 
The groundmass of benmoreite samples is generally highly feldspáthic 
and trachytoid texture is prevalent. 
3.4.6. Trachytes and rhyolites 
The phenocryst assemblage in this group comprises Na-plagioclase as 
well as sanidine, maqnetite, apatite and subordinate clinopyroxene. Feldspar 
phenocrysts are often rounded. In many cases, the clinopyroxene phenocrysts 
are highly altered. However, in one Kintyre sample (KT183), they are euhedral 
and contain inclusions of apatite phenocrysts. As in the benmoreites, this 
clinopyroxene appears to be a late, low pressure form which is unrelated to the 
basaltic clinopyroxenes. Euhedral to subhedral olivine is occasionally present, 
pseudomorphed by bowlingite or opaque minerals. In some Great Cumbrae 
samples, chlorite and limonite pseudomorphs may be after primary pyroxene 
and biotite (Tyrrell, 1918). 
Common groundmass constituents include analcite, quartz, alkali feldspar 
58 
and magnetite. Flow alignment of brownish, sericitised groundmass feldspars 
is frequently observed. The phonolitic trachyte of Bass Rock in the Firth of 
Forth is more Si-undersaturated than most of the other rocks in this group. 
The rock is aphyric and consists of alkali feldspar, aegirine-augite, fayalitic 
olivine, nepheline, magnetite, apatite and analcite (Campbell and Stenhouse, 
1933). 
The porphyritic trachytes of the Eildon Hills contain abundant 
phenocrysts of sanidine in a groundmass of sanidine tablets, limonite 
(secondary after riebeckite: McRobert, 1914), with subordinate interstitial quartz. 
The only rhyolite sample included in the study is a felsite from the Eildon Hills. 
This rock is fine-grained and contains abundantphenocrysts of riebeckite in a 
groundmass which contains patchy quartz, alkali feldspar and biotite. 
3.5. Summary and Discussion 
From the above descriptions it is clear that many of the petrographic 
features of the different rock compositions-overlap. \By the somewhat arbitrary 
nature of the classification scheme used (based on An# and D.l.), this is to a 
large extent inevitable. Many features are however, distinct to each group. 
Phenocryst assemblages show gradual change throughout the compositional 
spectrum. The most primitive basalts generally contain an olivine + 
clinopyroxene + spinel assemblage, whereas the less primitive basalts have an 
olivine + clinopyroxene + plagioclase + spinel assemblage (Russell, 1985). 
Basaltic hawaiites are generally olivine + plagioclase + clinopyroxene + 
spinel-phyric, whilst the phenocryst assemblage in the hawaiites is commonly 
olivine + plagioclase + spinel (+ clinopyroxene). Mugearites are only sparsely 
porphyritic but where present the phenocryst assemblage is generally olivine + 
plagioclase + spinel. In the benmoreites the assemblage consists of olivine + 
plagioclase + spinel + alkali feldspar + clinopyroxene and the trachyte 
assemblage is of alkali feldspar + spinel + plagioclase + olivine + clinopyroxene. 
Minor phenocrysts of apatite - and ilmenite occur in the intermediate and 
evolved rocks, as well as hornblende in certain of the Strathaven-Eaglesham 
rocks. 
The predominance of porphyritic textures implies a lack of superheating. 
This has implications for assimilation and also fulfills the requirements for 
crystal-liquid fractionation (Cox et a4 1979). Fractional crystallisation processes 
have in fact been invoked-by Macdonald (1975) to explain the gradual decrease 
in volume of progressively more evolved rocks in the suite and the lack of 
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compositional gaps. If this suite of rocks is to be related by fractional 
crystallisation, the disappearance of clinopyroxene in the basaltic hawaiite to 
hawaiite compositional range (Fig. 3.1) needs to be explained. Macdonald 
(1975), MacDonald and Whyte (1981) and Russell (1985) argued that members of 
the suite evolved by polybaric fractional crystallisation rather than by low 
pressure equilibria. Macdonald (1975) suggested that in the Kintyre and early 
Campsie lavas, clinopyroxene evolved at high pressure with the possibility of a 
fractionating olivine + clinopyroxene + plagioclase assemblage at pressures > 9 
kb or a clinopyroxene-only assemblage at > 13 kb. MacDonald and Whyte 
(1981) also invoked crystallisation of high pressure clinopyroxene to explain the 
compositions of the Campsie Fells lavas. Russell (1985) proposed a high 
pressure olivine + clinopyroxene + spinel assemblage in the basic rocks to 
explain the disequilibrium features of the clinopyroxenes and spinels in these 
rocks. The fact that many of these rocks contain only partially resorbed 
phenocrysts suggests that such magmas may  have been brought to the surface 
and cooled relatively rapidly. Some of the lava suites (e.g. the Campsie Fells) 
are however, entirely clinopyroxene phenocryst-free and if these, too evolved 
by early high pressure crystallisation of clinopyroxene, the pyroxene appears to 
have been completely resorbed (MacDonald and Whyte, 1981). A word of 
warning must therefore be given when interpreting the phenocryst 
assemblages in the basic rocks shown in Fig. 3.1. Such assemblages may 
suggest a cotectic situation that never actually arose. Resorbed, disequilibrium 
phases occurring alongside euhedral phases clearly point towards a complex 
sequence of polybaric processes rather than a simple cotectic regime. 
In the more evolved rocks, Macdonald (1975) described the olivine + 
plagioclase + magnetite assemblages as the products of low pressure 
fractionation, possibly in shallow magma chambers. MacDonald and Whyte 
(1981) however, placed this assemblage at intermediate pressures (but < 8 kb) 
in the crust, wnereas more evolved magmas were attributed to iow pressure 
crystallisation within the upper crust. The hawailtes and more evolved rocks in 
this study may therefore be the products of such low pressure processes. 
The textural diversity of different phenocryst phases is diagnostic of 
varying crystallisation patterns. Clinopyroxene shows at least three habits 
(after Russell, 1985): 
1. Irregular, resorbed, often large, unzoned or poorly zoned 
phenocrysts, occasionally with late titanaugite overgrowths: 
common in the ankaramites, certain of the other basalts and 
basaltic hawaiites. These are thought to have evolved 
under high pressure conditions (Macdonald, 1975; 
MacDonald and Whyte, 1981; Russell, 1985). 
Zoned (often sector zoned), euhedral or subhedral 
clinopyroxene, often in glomeroporphyritic texture with no 
significant evidence for resorption: common in the basalts 
of Fife and Bathgate and Coombs Fell. These pyroxenes are 
thought from experimental evidence not to be the products 
of low pressure crystallisation, but grown under a range of 
pressures, from high (mantle) pressures to near surface 
conditions (Russell, 1985). 
Euhedral, often green (Fe-rich) clinopyroxene, common in 
the evolved rocks. This habit is found in rocks with 
compositions similar to those described by MacDonald and 
Whyte (1981) as the products of low pressure crystallisation, 
and may themselves be the products of such low pressure 
equilibria. 
Olivine tends to be euhedral to subhedral throughout the compositional 
spectrum, suggesting that it was a stable liquidus phase right through the 
pressure range of crystallisation. 
Spinel phenocrysts show a petrographic continuum from irregular, 
anhedral, single crystals or small rounded inclusions inside clinopyroxene and 
olivine in the basic rocks, through to euhedral magnetite crystals which grade 
downwards in size to the groundmass oxides in the intermediate and evolved 
rocks. Russell (1985) correlates this with a gradual change in composition from 
Al- and Cr-spinel formed at high pressure, through to magnetite and 
titanomagnetite phenocrysts, grown under low pressure conditions. 
Plagioclase phenocrysts show a range of petrographic characteristics 
including zoning, sieve textures and corrosion, often with later euhedral 
overgrowths. Corrosion features may have been controlled by either sudden 
temperature changes during crystallisation or by the input of volatiles which 
depressed the liquidus. Plagioclase often shows a complex history. Russell 
(1985) notes the frequent occurrence of several generations of plagioclase in 
single samples and points to the possibility of magma mixing, cognate 
xenocryst input and evolution of plagioclase under a range of pressures (more 
sodic compositions possibly indicating higher pressure conditions). 
Minor phenocryst phases in the more evolved rocks generally tend to be 
euhedral and may have crystallised under low pressure conditions (e.g: apatite, 
ilmenite and alkali feldspar). Some feldspars are however, occasionally 
subrounded and may indicate periodic temperature changes in these evolved 
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magmas. The hornblende-bearing assemblages of the Strathaven-Eaglesham 
region may indicate volatile influence. 
The petrographic features of the Scottish Dinantian suite indicate that 
polybaric fractional crystallisation may have been highly influential in the 
evolution of the rocks. The abundance of densely distributed 
macrophenocrysts (especially of plagioclase) also suggests that accumulation 
may be important, at least in some regions. In addition, the common 
occurrence of quartz xenocrysts, surrounded by reaction rims of clinopyroxene, 
particularly in Kintyre, Holyrood Park and Corrie of Balgiass samples, represents 
tangible evidence for minor assimilation of country rock material. All these 
features are likely to have an effect on the major and trace element and 
isotopic compositions of the suite and petrogenetic interpretations must 
attempt to take them into account. 
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Plate 3.1. 
Euhedral bowlingite pseudomorphing olivine, and an 
irregular, discrete spine! phenocryst (top left) in 
basalt (PPL; sample H38). 
Euhedral olivine phenocrvst in ankaramite (PPL; 
sample A6). 
Skeletal olivine phenocryst in basalt (XPL; sample 
F199). 
Irregular, 	partially 	resorbed 	clinopyroxené 
phenocryst with darker titanaugite rim. Ankaramite 
(PPL; sample A6). 
Partially resorbed clinopyroxene phenocryst with 
included zones of groundmass. Ankaramite (PPL: 
sample A6). 
Corroded clinopyroxene phenocryst core with late 
euhedral titanaugite overgrowth. 	Basalt (XPL; 
sample CP490). 
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Oscillatory zoning and 	sieve texture 	in a 
	
• 	clinopyroxene phenocryst. 	Basalt (XPL; sample 
B115). 
Euhedral 	and 	sector 	zoned 	clinopyroxene 
phenocrysts in basalt (XPL; sample F195). 
C. 	Aggregates of zoned, euhedral clinopyroxene 
phenocrysts, some having sieved cores, in basalt 
(XPL; sample B113). 
Subhedral olivine phenocryst containing rounded 
inclusion of spinel in ankaramite (PPL; sample 
CP573). 
Irregular, corroded clinopyroxene phenocrysts with 
rounded inclusions of • spinel. One irregular, 
discrete spinel phenocryst is visible to the lower 
left. Añkaramite (PPL; sample CP129). 
Irregular 	clinopyroxene 	phenocryst 	containing 
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Plate 3.3. 
Large irregular spinel phenocryst in basalt (PPL; 
sample H29). 
Large irregular spinel phenocryst in basalt (XPL; 
sample GTC384). 
C. 	Subhedral zoned plagioclase phenocryst in basalt 
(XPL; sample CP490). 
Euhedral plagioclase showing sieved mantle. The 
two neighbouring phenocrysts are subhedral 
clinopyroxene, the crystal to the upper right 
contains a tiny inclusion of apatite. Basalt (PPL; 
sample H38). 
Rounded plagioclase phenocryst with irregular core 
of included groundmass material. Rimmed by a 
late-stage plagioclase overgrowth. Basalt (XPL; 
sample GTC384). 
Zoned plagioclase phenocryst with prominent 
rounded core in basalt (XPL; sample B346). 
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Zoned, euhedral plagioclase phenocrysts in a 
fine-grained groundmass, in basalt (XPL; sample 
KT1 93). 
Intergrowths of clinopyroxene, plagioclase, spinel 
and apatite phenocrysts in a glomeroporphyritic 
texture. Basalt (PPL; sample H38). 
C_ 	Synneusis texture in plagioclase phenocrsts, in 
basalt (XPL; sample B339). 
Synneusis texture in plagioclase phenocrysts, in 
basalt (XPL; sample B339). 
Zoning and synneusis texture in plagioclase. Basalt 
(XPL; sample B339). 
Irregular aggregates of quartz surrounded by a 
reaction rim of clinopyroxene in radial sprays, set in 
a fine-grained groundmass. Basalt (PPL; sample 
CP51 1). 
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Plate 3.5. 
Rounded plagioclase phenocryst in fine-grained 
groundmass, in basaltic hawaiite (PPL; sample 
K23 1). 
Subrounded plagioclase phenocryst in basaltic 
hawaiite (XPL; sample GC4). 
C. 	Aggregates 	of 	sieved, 	euhedral 	plagioclase 
phenocrysts in hawaiite (PPL; sample KT161). 
Zoned, euhedral plagioclase phenocrysts, some 
containing 	included 	groundmass material, 	in 
basaltic hawaiite (XPL; sample CP408). 
Irregular, corroded spinel phenocryst surrounded by 
tiny ,  euhedral magnetite crystals in hawaiite (PPL; 
sample GTC386). 
Intergrowths of clinopyroxene, plagiociase and 
spinel phenocrysts in a glomeroporphyritic texture. 
Hawaiite (PPL; sample 8347). 
I , 










4 4 	 .'- - 	 • - •, r. 
a 	 •':N 	 •.••4•j 	
k - 
/ 
- 	 .;_ lkS ' 	• -. 	- 











Finely divided opaque oxide pseudomorphs after 
hornblende 	in 	a 	fine-grained 	feldspathic 
groundmass. Hawaiite (PPL; sample HS82). 
Subhedral hornblende phenocrysts in a fine-grained 
feldspathic groundrnass showing crude trachytoid 
texture. Hawaiite (XPL; sample HBL). 
C. 	Boxwork zoning in a plagioclase phenocryst in 
hawalite (XPL;.sample HS82). 
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Mineral analyses have been determined in selected basalts, basaltic 
hawaiites, hawaiites and trachytes. Rocks with compositions intermediate 
between hawaiite and trachyte were not studied due to alteration. Tables of 
mineral data are displayed in Appendix II and details of analytical methods are 
given in Appendix V. Analysed mineral phases consist of olivine, clinopyroxene, 
spinel and feldspar. No data for minor phases (e.g. ilmenite, amphibole, 
apatite) have been determined. 
4.1. Olivine 
Phenocrysts of olivine have been analysed from 12 basic rocks 
(basalt-hawaiite) from various regions within the Scottish Dinantian province. 
Of the phenocrysts analysed, core and rim compositions range from F085 to 
F056, many showing normal zoning. 
Chemical variations in olivine indicate the influence of fractionation 
processes. Mg and Ni are generally highest both in the cores and in the most 
basic rocks (i.e. basalts). 
Fig. 4.1a shows the variation in Mn with Mg/(Mg+Fe 2 ) as a 
differentiation index. A negative correlation is apparent with core compositions 
having lowest Mn and rims ranging to higher values. Simkin and Smith (1970) 
proposed that variations in Mn and Ni concentrations in olivine were related to 
major element fractionation such that Ni (and Mg) decreased with fractionation 
whilst Mn increased. Similar trends are apparent in the Scottish Dinantian 
rocks. 
Fig. 4.1b shows the variation in Ca with Mg/(Mg+Fe 2 ). Although there 
is considerable scatter in the data, cores are generally lower in Ca than rims. 
Smith and Simkin (1970) related Ca variation in olivine to environment of 
crystallisation. They found that Ca concentrations in olivine were lower in 
plutonic rocks than in extrusive rocks and concluded that such variations had a 
pressure control. Data shown in Fig. 4.1a are comparable with the extrusive 
and hypabyssal suites of Simkin and Smith (1970). Russell (1985) however, 
suggested that some olivines from the province may have crystallised at high 
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4.2. Clinopyroxene 
Clinopyroxene phenocrysts from some basic rocks have been analysed. 
All analyses have been recast with respect to Fe 3 and Fe 2+  on the basis of 
stoichiometry (i.e. 4 cations to 6 oxygens). Fig. 4.2 shows pyroxene phenocryst 
core and rim compositions plotted in the pyroxene quadrilateral. Most 
phenocrysts have the composition of augite or saute and in general, rims tend 
to be more Fe-rich than cores. Some clinopyroxenes have calcic compositions, 
plotting above the 50% wollastonite line. The abundance of other elements 
such as Ti02 and A1 20 3 however (Ti0 2 up to 4%, A1 20 3 up to 10%), indicate 
that the Ca-Mg-Fe 2 end members plotted in Fig. 4.2 are not completely 
suitable for representation of these pyroxene compositions. Many may be 
described as Al-augites or titanaugites (cf. Chapter 3). 
Fig. 4.3 shows a range of phenocryst core compositions from different 
regions in the province. For a given Ca concentration, large variation in Mg/Fe 
-is apparent: phenocryst cores from East Lothian ankaramitic rocks are the most 
magnesian; Holyrood Park, Kintyre, Strathaven and Arran have intermediate 
values, whilst more Fe-rich compositions characterise the Kelso rocks. Mg 
content of the pyroxenes correlates positively with the whole rock weight % 
MgO content, indicating that the magnesian pyroxenes are present in the most 
basic rocks. 
For a given value of Mg/Fe, Ca contents also vary significantly (Fig. 4.3). 
Pyroxene phenocrysts from Langholm (Coombs Fell), Bathgate and Fife plot 
above the 50% wollastonite line. Such variations in Ca in clinopyroxene have 
commonly been attributed to Si activity in the magma (e.g. Gibb, 1973): more 
calcic compositions are produced from magmas with low Si activities. These, 
in turn correlate with the degree of alkalinity of the magmas (Gibb, 1973; 
Larsen, 1976). Ca variations in pyroxenes shown in Fig. 4.3 may therefore be 
controlled by the degree of undersaturation of these rocks. Samples with 
pyroxene compositions having >50% wollastonite are mostly ne-normative, 
whereas many samples containing less calcic pyroxenes are hy-normative. The 
pyroxene phenocrysts are not notably zoned with respect to Ca. 
Fig. 4.4a shows the variation in Cr against Mg/(Mg+Fe 2 +Mn). Although 
the data show a large amount of scatter, a crude positive correlation is 
apparent. Phenocryst core compositions generally possess higher Cr and Mg 
than rims although cores with very low Cr concentrations are also represented. 
Fig. 4.4b shows the variation in Ti with - Mg/(Mg+Fe 2 +Mn). No clear 
trend is visible and there is considerable overlap between phenocryst cores 
71 
0 1 
En 	 Fid 




Eos Loh ion 
V 	 X Ho I yrood Pork 
50 	 V Both te 
, 	 K I nyre 
30 	 1: \ 
FiFe 
50 
100 	 .0 
<- En 















o 	.o as mom • • • - 
lUUDU 	•Ua 	 0 • 	 : 
0 
-0 • CM M  
• MCM •ac.ai 
• 	 . U 	'U 
• ' • a. 
0 000 93 DU C 
O 0 





0 	 0 
• 0 	0 • 
CM 
C3 0 








•cacloa .4 0 	• 
0 	
U-. a 





















0.6 	' 	0.7 	 0.8 	 0.9 
Mg/,(Mg±Fe+Mn) 
Fig. 4.48,b. , Cr and Ti variation against MgI(Mg+Fe 2 +Mn) for' pyroxene cores 
and rims.  
73 
and rims. However, Ti concentrations in rims reach higher values, which is 
consistent with petrographic evidence (Chapter 3). 
Wass (1979) related high Cr203 contents in clinopyroxenes to high Cr203 
values in the host rocks. Also, Cr 3 ' is preferentially partitioned into 
early-crystallising clinopyroxene because of the high crystal-field stabilisation 
energy of Cr3 (Campbell and Borley, 1974). Cr 3 enters octahedral sites and as 
Cr3 becomes depleted in the melt, it is replaced by Ti 4 (Wass, 1979). 
Variations in Al and Ti are displayed in Figs. 4.5a and b. A positive 
correlation is visible between the two elements. For a given Ti content, Fig. 
4.5a shows that pyroxene cores generally have higher Al concentrations, rims 
are intermediate and groundmass clinopyroxenes have still lower Al. Variations 
in Al and Ti in clinopyroxene have commonly been related to pressure of 
crystallisation (e.g. Thompson, 1974a; Wass, 1979) although Wass (1979) noted 
that A1 203 (weight %) in pyroxenes is an unreliable geobarorneter. If Al 
concentrations in the Scottish Dinantian clinopyroxenes are crudely related to 
pressure, cores may have crystallised under higher pressure conditions than 
rims, with late-stage groundmass crystallisation at low pressure. 
Kushiro (1960) and Le Bas (1962) also argued that Al is related to melt 
composition, such that alkaline rocks contain pyroxene more enriched in Al, 
whilst tholeiltic rocks are relatively Al-poor. Barbed et at. (1971) on the other 
hand, proposed that the Al and Ti content of clinopyroxene phenocrysts is not 
simply related to melt composition, but that pH 20 is also an important factor. 
König (1960) believed that Al distribution in clinopyroxene is affected by Na 
content. However, since Na in these pyroxenes is minor (<1%), this is unlikely 
to have a significant effect. 
Considerable variation in phenocryst core compositions with respect to 
Al and Ti is apparent (Fig. 4.5b). The highest concentrations of Al in 
clinopyroxenes are found in samples from Holyrood Park, East Lothian and 
Kintyre, whereas cores from Fife, Langholm (Coombs Fell) and some Kelso 
samples show lower concentrations. It is assumed that the Ca contents of the 
clinopyroxene cores (Fig. 4.3) are indicative of degree of undersaturation with 
respect to silica of these rocks. If Al content in pyroxene is also related to 
degree of undersaturation, the more alkaline rocks (Fife, Bathgate and 
Langholm: Fig. 4.3) would be expected to have the highest Al concentrations in 
Fig. 4.5b. This is clearly not the case. Al content may therefore be crudely 
related to pressures of ctystallisation. It is worth noting here that the 
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Fig. 4.5b) are those which show clear petrographic evidence for resorption, 
whilst those with lowest Al concentrations tend to be euhedral or subhedral, 
zoned (often sector zoned) and commonly glomeroporphyritic, with little 
evidence of resorption (Chapter 3). Fig. 4.5b may therefore be displaying 
pyroxenes crystallised under a range of pressures, as advocated for certain of 
the Scottish Dinantian rocks by Russell (1985). 
Wass (1979) found that although the A1 20 3 content of pyroxene was an 
unreliable indicator of pressure, variations in AIIV  and Al(i.e. distribution of Al 
between tetrahedral and octahedral sites respectively) were a much more 
.........--, ----..-.--- 
useful indicator. AfJ! here calculated as (2-Si) and Al' 1 as ZAI-Al". Fig. 4.6 
shows the variation in Al vi  with Ca for pyroxene . cores from different regions. 
A crude negative correlation is visible: calcic pyroxenes (e.g. Langholm, 
Bathgate, Fife) have low Al V1  contents; Arran, Kintyre, East Lothian and Holyrood 
Park have lower Ca and higher AIVI.  If high Al t" reflects high pressure (Wass. 
1979) and high Ca reflects degree of Si-undersaturation, the antipathetic 
relationship in Fig. 4.6 appears to show that the more alkaline rocks have 
crystallised clinopyroxene under lower pressure conditions. 
If, on the other hand, the distribution of Al in pyroxene is related to 
degree of Si-undersaturation (Le Bas, 1962), a positive correlation between Ca 
and Al might be expected. However, in individual regions for a large range of 
Al, there is little or no variation in Ca (Holyrood Park is an exception). This 
supports the hypothesis that Al in the pyroxenes is related to pressure more 
significantly than to melt composition. 
Fig. 4.7 shows pyroxene core compositions in different regions plotted in 
terms of Al' 1 and Al l". Aoki and Shiba (1973) and Wass (1979) proposed that 
increased Al in octahedral coordination was indicative of high pressure 
crystallisation. Fields shown in Fig. 4.7 are for pyroxene in igneous rocks at 
relatively low pressure (1), pyroxene in granulites and ultramafic xenoliths in 
basalts at higher pressure (2) and eclogites at very high pressure (3). The 
Scottish Dinantian pyroxene phenocryst cores plot almost exclusively in the 
high pressure field of granulites and ultramafic xenoliths in basalts (2). This 
indicates that most of the pyroxene phenocrysts grew initially under high 
pressure conditions, consistent with evidence produced by Macdonald (1975), 
MacDonald and Whyte (1981) and Russell (1985). A few data points (e.g. those 
for Coombs Fell in the Langholm area) plot within the field for igneous 
pyroxenes crystallised under low pressure conditions. Low Al v '/Al lv ratios are 
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The pyroxenes with highest AIVI/AIW  ratios correspond with resorbed, poorly 
zoned phenocrysts, commonly found in the ankaramites, whereas the pyroxenes 
with the lowest Alhh/AOV  are euhedral and markedly zoned. This evidence 
suggests that the suite of analysed pyroxenes was crystallised under a range 
of pressures from high (?mantle) to low (near-surface) pressures. 
Dolfi and Trigila (1983) noted that at constant pressure, AIW  increased 
with H20 content of the magma Hydrous magmas may therefore be expected 
to yield lower Al"/Al' ratios than dry magmas. There is no evidence however, 
cflote 
for hydrous conditions having been prevalent in the basic magmas 	with 
lower.Al"/Al" ratios 	land the effect noted by Dolfi and Trigila (1983) may 
therefore have been minimal. 
4.3. Spinel 
Spinels display a continuum from small inclusions within olivine or 
clinopyroxene or as anhedral discrete crystals, through to euhedral phenocryst 
octahedra (up to c. 1.5 mm) which grade downwards in size to the groundmass 
Fe-Ti oxides. Russell (1985) related this morphological continuum to variation 
from Al- and Cr-rich phenocryst compositions in basalts produced at high 
pressure, through to titanoniagnetites produced at low pressure in the more 
evolved rocks. 
Few analyses of spinel have been determined in this study. However, of 
the data available, compositions are similar to those found by Russell (1985). 
All analyses (Appendix II) have been recast with respect to Fe 2+  and Fe 3+  on the 
basis of stoichiometry (24 cations to 32 oxygeris). 
Fig. 4.8 shows the compositions of spinel plotted in terms of Fe 2 , Fe 3 
and Ti in cation proportions. Although the analysed samples plot relatively 
close to the ulvospinel-magnetite join, they are notably offset towards the Fe 3+  
apex. This probably reflects, a degree of alteration to a maghemite component 
and is consistent with the low totals obtained for the analyses in Appendix II, 
even after recasting. Highly aluminous or chromian spinels have been omitted 
from Fig. 4.8 since the abundance of these elements means that the 
Fe 2 -Fe 3 -Ti system is not completely appropriate. 
Russell (1985) described spinels from Scottish Carboniferous rocks on 
the basis of Mg/(Mg+Fe) and Cr/(Cr+Al+Fe 3 ) variations (Fig. 4.9). He divided 
spine[ compositions into three groups: (i) high Mg/(Mg+Fe), low Cr/(Cr+Al+Fe 3 ) 
spinels; (ii) moderate Mg/(Mg+Fe), high Cr/(Cr+Al+Fe 3 ) spinels; and (iii) low 
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Fig. 	4.8. 	Spinet core 	compositions plotted 	in terms 	of Ti, 	Fe 2 and 	Fe 3 . 
Abbreviations 	are: 	jim: 	ilmenite; 	mt: magnetite; haem: 	haematite; magtem: 
maghemite; usp: ulvospinel. 	Usp-mt and ilm-haem solid solution curves are 
also plotted. 
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Fig. 4.9. Variation in Cr/(Cr+Al+Fe 3 ) against Mg/(Mg+Fe 2 lfor spinet cores, rims 
and -  groundmasses. Shaded area represents approximate range of spinet 
compositions from Russell(1985) for Scottish Carboniferous basic rocks. 
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Cr/(ç±Ai±f) members are taken to be high-pressure products(i0jcb),, 
whereas the high Cr/(Cr+Al+Fe 3 ') group are taken to represent products of 
lower pressure crystallisation. The third group consists of titanomagnetites 
which are believed to be crystallised at low pressure. 
Of the data available here, a few analyses plot along with the high 
Mg/(Mg+Fe), low Cr/(Cr+Al+Fe 3 ) samples. Data are lacking for the high 
Cr/(Cr+Al+Fe 3 ) rocks, although Russell (1985) noted that the dominant 
members of this group are later Carboniferous alkali basalts and basanites, and 
may therefore not be common among the Dinantian suite. More data are 
available for the third group which consists of titanomagnetite. Phenocryst 
core compositions in this group are similar to groundmass compositions (Fig. 
4.9). Ridley (1977) found similar compositional variations in spinels from 
transitional basalts in Rhum and Muck (Scotland), where a solid solution series 
between Cr-Al spinel and Fe-Ti spinel was observed. Ridley (1977) believed 
that the Al- and Cr-rich spinels were made over to Fe-Ti spinels in response 
to changing composition of the basaltic melt, whilst Al-spinel was made over 
to Cr-spinel in response to crystallisation of plagioclase. 
In agreement with Russell (1985), spinels from the first (and second) 
group of compositions tend to be found as inclusions and resorbed single 
phenocrysts in basalts, whereas the third group tend to be euhedral crystals 
usually found in more evolved rocks (basaltic hawaiite and hawaiite). 
Combined petrographic and experimental evidence (Russell, 1985) 
suggests that early-formed, partly-resorbed (Al and Cr) spinels are the 
products of high-pressure crystallisation, whereas euhedral titanomagnetite 
phenocrysts are low pressure products. Indeed, many of the Al-spinels are 
found as inclusions within clinopyroxene which has already been demonstrated 
as a high-pressure phase in many cases (section 4.2). 
Fig. 4.10 shows the variation in Mg, Fe, Ti, Al and Cr in spinel cores. 
These data are plotted within the spinel prism (Fig. 4.10d; Haggerty, 1976, 
1979). In Fig. 4.10a, Fe/(Fe+Mg) plotted against Ti/(Ti+Al+Cr) shows a good 
positive correlation with progressive increase in Ti content with degree of 
fractionation. Cr/(Cr+Al+Fe 3 ) variations show a scatter (Fig. 4.10b). However, 
the majority of samples are Cr-poor. Fig. 4.10c also shows a trend from Al- to 
Ti-rich compositions. The spinel prism (Fig. 4.10d: plotted using the method of 
Haggerty, 1979) shows the range of compositions for the Dinantian rocks. 
Analysed spinels are clearly Fe-rich as opposed to Mg-rich and vary from 
aluminous members (hercynite to Al-picotite to Fe-pleonaste) to more evolved 
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titanomagnetite. This trend is notably different from that described by 
Haggerty (1976, 1979) for Hawaiian tholeiites. The latter ranged from 
compositions rich in chromite (FeCr20 4) to titanomagnetite (Fe 2TiO4), a trend 
which may represent low pressure fractionation, in contrast to the apparent 
polybaric trend described here. 
4.4. Feldspar 
Phenocryst core and rim compositions have been determined for 
plagioclase and sanidine from basalt, basaltic hawaiite, hawaiite and trachyte. 
Compositions of phenocrysts are shown in Fig. 4.11 plotted in terms of 
An-Ab-Or (Ca-Na-K in cation proportions). Plagioclase phenocryst 
compositions describe, a continuous solid solution trend from An 85_ 19 (calcic 
bytownite to oligoclase). Basic rocks have more calcic plagioclase phenocrysts, 
whereas two trachyte samples from East Lothian (Li, L80) contain phenocrysts 
of both sanidine and plagioclase. The presence of such calcic plagioclase 
phenocrysts in some of the basic rocks suggests that they crystallised under 
relatively hydrous conditions. No anorthoclase phenocrysts have been 
analysed, although they have been recorded in some benmoreites from the 
Strathaven-Eaglesham area (De Souza, 1979). Tie lines for coexisting sanidine 
and plagioclase phenocrysts from the two East Lothian trachytes are presented 
in Fig. 4.11. Both feldspars are euhedral to subhedral in sample Li, suggesting 
that they crystallised under equilibrium conditions. Such sub-solvus 
crystallisation suggests that high pH 20 conditions were prevalent in the melt 
during feldspar phenocryst growth. Compositional fields for coexisting sanidine 
and plagioclase from sample L80 are also given in Fig. 4.11. Since only one 
phenocryst of sanidine has been analysed, it is questionable whether this is a 
true phenocryst or a xenocryst, although the, feldspar compositions are similar 
to phenocryst pairs given by Carmichael (1963) and the tie lines are similar to 
those given by Ghiorso (1984) for calculated as well as experimentally 
determined compositions of coexisting feldspars. The two feldspars in sample 
L80 may therefore have been in sub-solvus equilibrium. 
Many samples show reverse zoning and oscillatory zoning of plagioclase 
and some show more than one generation of phenocrysts. Russell (1985) has 
noted the bimodal distribution of plagioclase core compositions from the Lion's 
Haunch basalt, Holyrood Park (this study, sample H38). Here, one plagioclase 
phenocryst has a composition of An 81 (H38 CORE 2, Appendix II) and may be 
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Fig. 4.11. 	Feldspar phenocryst compositions (cores and rims) plotted in terms 
of 	An-Ab-Or 	(Ca-Na-K 	in 	cation 	proportions). Tie 	lines 	for 	coexisting 
plagioclase and alkali feldspar phenocrysts are indicated by dashed fields for 
two trachytes (samples Li, L80) from East Lothian. 
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An 65_44. A basalt sample from Bute (B333) also has two generations of 
plagioclase phenocrysts: one of An 40_56, the other of An 7485 . 
Some minor element variations in the feldspars are shown in Fig. 
4.12a,b. Fe 2+  and Mg are plotted against Ca/(Ca+Na+K) as a differentiation 
index. Both elements show a depletion in the most basic compositions (high 
Ca/(Ca+Na+K)) with marked enrichment in some samples at Ca/(Ca+Na+K)-0.6. 
Less calcic samples also have low Mg and Fe 2 concentrations. 
BaO has been determined in some alkali feldspars from trachytic rocks 
and is found in concentrations up to 1.7%. 
4.5. Summary 
Compositional data for phenocrysts (and a few groundmass crystals) in 
some basalts, basaltic hawaiites, hawailtes and trachytes are presented. Some 
of the salient features may be summarised: 
Olivine phenocrysts (in basalt-hawaiite) cover a range of 
Fo85_56 and individual crystals are commonly zoned. Mg 
and Ni decrease with increasing fractionation, whereas Mn 
increases. 
Pyroxene phenocrysts are mostly augite or salite with some 
compositions 	exceeding 	50% 	wollastonite. 	No 
orthopyroxene has been found. Variations in Al and Ti 
appear to be related to pressures of crystallisation although 
melt composition may have had some influence on 
concentrations of these elements. Pyroxenes with high 
Al/AlW ratios indicate high pressure crystallisation 
conditions (Aoki and Shiba, 1973; Wass, 1979; Russell, 1985). 
Such ratios typify samples from East Lothian, Holyrood Park, 
Arran, Kintyre and Kelso. Clinopyroxene from these regions 
is commonly poorly zoned and shows abundant evidence of 
resorption. 	Such phenocrysts were clearly out of 
equilibrium with the host melt at the time of eruption. Low 
Al /Al' ratios are found in phenocrysts from Fife, Bathgate 
and Langholm (Coombs Fell). These are generally euhedral, 
zoned (often showing pronounced sector zoning) and occur 
as glomerocrysts. Such phenocrysts may be related to 
lower pressure equilibria. Ca appears to be related to melt 
composition, with higher Ca concentrations characterising 
more undersaturated rocks. 
Spinel shows a range of compositions from phenocrysts 
rich in Al + Cr (hercynite to Al-picotite to Fe-pleonaste) to 
titanomagnetite. The range appears to indicate fractionation 
of spinels under polybaric conditions. The chemical range 
corresponds with petrographic evidence: Al-(Cr-) spinels are 
usually resorbed and are often found as inclusions within 
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other high pressure phases (clinopyroxene and olivine), 
whereas the Fe-Ti oxides are most commonly euhedral or 
subhedral and show little evidence of disequilibrium with 
the melt. 
4. Plagioclase displays a continuous trend of solid solution 
from An85_ 19. The presence of such calcic plagioclase 
phenocrysts in some of the basic rocks suggests that they 
crystallised under relatively hydrous conditions. Zoning is 
common (cf. Russell, 1985) and several samples show more 
than one generation of .phenocrsts. Two trachytes from 
East Lothian contain both plagioclase and sanidine 
phenocrysts. Such sub-solvus crystallisation suggests that 
high pH20 conditions also prevailed during feldspar 
phenocryst growth in these trachytes. 
Although it is realised that processes of crystallisation of phenocrysts 
may have been significantly more complex than those outlined above, the 
available data are insufficient to resolve these processes more closely. 
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CHAPTER 5 
MAJOR ELEMENT CHEMISTRY 
Approximately 500 rocks from the Scottish and Irish Dinantian suites 
have been analysed using X-ray fluorescence spectrometric techniques. Data 
are presented in Appendix Ill and details of analytical methods are given in 
Appendix V. 
5.1. Rock Classification 
As outlined in Chapter 1, the rocks have been classified on a normative 
basis using the differentiation index of Thornton and Tuttle (1960) and the 
normative plagioclase composition (An# = lOOAn/(An+Ab); Coombs and 
Wilkinson, 1969). Norms have been calculated throughout assuming an 
FeO/(FeO+Fe203) ratio of 0.13 after Brooks (1976). 
Fig. 5.1 shows the distribution of rock compositions. The Dinantian 
rocks are predominantly fly-normative, but many are ne-normative. The rocks 
range in composition from basalt to trachyte with subordinate phonolitic 
trachyte as well as rhyolite. Subordinate basanite also occurs as well as low-K 
tholeiite (the latter in Kintyre: see Macdonald, 1975, 1980). Whilst some 
sampling bias towards basic compositions may have occurred, it is believed 
that the number of analysed samples of each compositional type (Fig. 5.1) 
generally reflects their volumetric abundance. If this is the case, Fig. 5.1 
indicates that basalts and basaltic hawaiites are volumetrically dominant, whilst 
rocks of evolved composition are less abundant. This evidence, along with the 
lack of compositional gaps in the intermediate range, is compatible with the 
hypothesis, of Macdonald (1975) that the suite evolved by fractional 
crystallisation processes. 
The q-normative evolved rocks have been classified using the scheme 
of Macdonald (1974). Fig. 5.2 shows the variation in A1203 with Fe 203 (weight 
%) in the evolved rocks. Macdonald (1974) used total iron as FeO. Here, total 
iron as Fe 20 3 has been used and the equations of the lines given in Fig. 5.2 
have been recalculated to take this into account (see Martin, 1985). The line 
A1203=17.65-0.61217e203 provides a convenient discriminant between trachytic 
and rhyolitic compositions, the trachytic rocks having the higher A1 20 3 values. 
In general (although not always), the trachytes have < 10% normative quartz. 
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Fig. 5.2. A120 3 against total iron as Fe203 (weight %) for evolved rocks. T: 
trachyte, R: rhyolite, C: comendite, P: pantellerite. The line dividing trachyte 
from rhyolite is given by A1203=17.65-0.612Fe2O 3; and that dividing comendite 
from pantellerite is given by A1203=1.2OFe2O3+4.40 (Macdonald, 1974). 
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Fig. 5.4. Alkali-silica diagram for the Dinantian rocks: Line represents, the 
division of Hawaiian tholeiite and alkali basalt from Macdonald and Katsura 
(1964). 
the line Al 20 3=1.20Fe2O3+4.40 distinguishes between comenditic and 
pantelleritic compositions: comendite has lower Fe 203 values. From Fig. 5.2, it 
is apparent that the evolved Dinantian rocks are comenditic (peralkaline), and all 
but one are trachytic. Many of the trachytes are corundum-normative. 
However, this probably owes more to alkali loss during late-stage alteration 
than to a tendency towards peraluminous compositions. A single rhyolite 
sample, GC7, is a riebeckite felsite from the Eildon Hills near Melrose. 
Fig. 5.3 shows the degree of undersaturation of the suite with respect to 
silica. The parameter 'Q' is normative q + quartz in hy (after Thompson et a!, 
1972, Fig. 9) and 0.1. is the Thornton and Tuttle (1960) differentiation index. The 
line ne = 0 represents the critical plane of silica undersaturation in the 
normative basalt tetrahedron (Yoder and Tilley, 1962). The data in Fig. 5.3 show 
much scatter and the trend crosses the critical plane of silica undersaturation 
(low pressure thermal divide). The tendency is for increasing degree of silica 
saturation with increasing 0.1.: most of the n,—,normative rocks are basic 
(D.l.<50). One trachyte has normative he (the phonolitic trachyte of Bass Rock, 
Firth of Forth). The dashed line in Fig. 5.3 is taken from Coombs and Wilkinson 
(1969) and represents the distinction between alkali olivine basalt and basanite. 
The samples having a higher normative ne content justify the term basanite 
from this classification (although basanitoid would probably be more 
appropriate since there is no appreciable modal feldspathoid in these rocks). 
An alkali-silica diagram (Fig. 5.4) reveals that most of the Dinantian 
rocks plot on the alkali-rich side of the Macdonald and Katsura (1964) line, 
originally used to distinguish Hawaiian alkaline rocks from tholeiites. 
Figs. 5.3 and 5.4 show that the Dinantian suite can best be described as 
transitional to mildly alkaline. This is confirmed by the lack of modal low-Ca 
pyroxene and persistent association with differentiates of hawaiitic, mugearitic 
and trachytic character. 
5.2. Variation diagrams 
Major element variation diagrams are presented in Figs. 5.5-5.9. The 
rocks are divided into basalt, basaltic hawaiite, hawalite, mugearite, benmoreite, 
trachyte and rhyolite (cf. Fig. 5.1). Basanitic rocks as well as low-K tholeiites 
(discussed in Chapter 6) have been included in this classification scheme. The 
data show a large amount of scatter. However, in most cases, good trends are 
apparent. 
A plot of weight % MgO against Si0 2 (Fig. 5.5a) shows a negative 
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correlation, with MgO varying from up to 13% in the basalts to less than 1% in 
the trachytes, and below detection limit in the rhyolite. 
Fe203t shows a large amount of variation, being buffered between 
10-15% in basic rocks where MgO > 5%. In compositions between 5-0% MgO 
however, Fe203t  shows a negative correlation, and decreases to a minimum in 
the trachytes and rhyolite. 
A1203 (Fig. 5.6a) shows a slight but constant increase throughout the 
compositional spectrum, from about 12% in the most basic rocks (MgO c. 13%), 
up to 15-18% in the trachytes. The rhyolite specimen has a lower A1203 
content (11.9%). 
CaO (Fig. 5.6b) shows a large amount of scatter although the general 
trend is towards depletion in more evolved compositions. Basaltic rocks vary 
between 7-15% CaO, whilst trachytic and rhyolitic rocks generally have less 
than 2% CaO. 
Na20 and K20 (Fig. 5.7) both increase with decreasing MgO. 1(20  varies 
between < 1% in the basalts, to almost 10% in the trachytes. - The rhyolite 
again has a lower 1(20 content. Na20 varies between 1% in the basalts up to a 
maximum of 7% in the trachytes. Total alkalis are plotted in Fig. 5.8a and show 
a good trend towards increasing concentrations in the more evolved rocks. 
In Fig. 5.8b, P 20 5 shows great scatter, particularly in samples with > 4% 
MgO. The basalts and hawaiites are especially variable and no good trend is 
apparent in these compositions. Rocks with < 4% MgO however, show a trend 
of decreasing P 205 with MgO. The trachytes have low P 205 concentrations, 
generally below 0.2% and P 205 is below detection limit in the rhyolite. 
Ti02 is also very variable (Fig. 5.9a), especially in the basic rocks, 
ranging between 1-4% in samples with MgO > 4%. If any trend at all is 
visible in these basic rocks, it is towards increasing Ti02 with decreasing MgO. 
In more evolved rocks however (< 4% MgO), Ti02 shows a marked decrease in 
concentration, and is at a minimum in the trachytes and rhyolite. 
MnO (Fig. 5.9b) appears to be most variable in the range 4-6% MgO: in 
these rocks, MnO reaches 1%. No good trend is apparent in the MnO against 
MgO plot, although the rhyolite has the lowest concentration of MnO of the 
whole suite. 
The major element trends are consistent with fractional crystallisation 
processes as in general, the oxide concentrations closely reflect the phenocryst 
assemblages of the rocks, described in Chapters 3 and 4. The pronounced 
decrease in MgO content in basaltic rocks for example, is consistent with 
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olivine fractionation: olivine being a ubiquitous phenocryst phase in the basic 
rocks. The change in gradient of the trend in Fig. 5.5a is consistent with the 
decreasing influence of olivine in the evolved rocks and the incoming of other 
phases at higher Si02 concentrations. 
The change in gradient in Fig. 5.5b at about 4% MgO is consistent with 
the crystallisation of titanomagnetite as well as the more Fe-rich olivines of 
the hawaiites and basaltic hawaiites. Titanomagnetite is a common phenocryst 
phase in the hawaiites, mugearites, benmoreites and trachytes. 
The slight increase in A120 3 with decreasing MgO (Fig. 5.6a) is probably 
a function of olivine, clinopyroxene and spine[ (titanomagnetite) crystallisation, 
each leaving a residual magma more enriched in A1203. The slight change in 
gradient of the trend at c. 4% MgO may be due to the onset of plagioclase 
fractionation, and is consistent with petrographic evidence for abundant 
plagioclase phenocrysts in the basaltic hawaiites and hawaiites. The 
decreasing CaO with MgO (Fig. 5.6b) reflects fractionation of clinopyroxene in 
the basalts and basaltic hawaiites. Fractionation of plagioclase in the magmas 
with < 4% MgO may also be responsible for the decrease in CaO with MgO. 
Total alkalis increase throughout the compositional spectrum. Only in 
the most evolved compositions does alkali feldspar become a phenocryst 
phase. 
The sudden change in gradient of P 205 content at about 4% MgO 
reflects the influence of apatite fractionation in the hawaiite to rhyolite range. 
Similarly, the sudden decrease in Ti0 2 content at c. 4% MgO reflects the 
increasing influence of titanomagnetite as well as ilmenite fractionation in the 
hawaiite to trachyte range. The decrease in MnO in the most evolved rocks is 
consistent with titanomagnetite crystallisation as MnO should partition with 
FeO. 
The AFM diagram (Fig. 5.10) shows a mild and variable degree of Fe 
enrichment in the suite. The decrease in Fe enrichment in the evolved rocks is 
believed to reflect the onset of titanomagnetite crystallisation. The trend is 
generally similar to that observed in many tholeiitic rocks (e.g. Macdonald and 
Katsura, 1964), and may reflect moderately low f0 2 of the magma during 
fractionation, thus inhibiting the crystallisation of Fe-Ti oxides until a relatively 
late stage. Many samples however, show relatively little Fe enrichment and 
these may have crystallised under higher f0 2 conditions. 
The range of rock compositions appears therefore to reflect fractional 
crystallisation of basaltic parent magmas. If so, more than one liquid line of 
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descent must be invoked since basic compositions include basanite and low-K 
tholeiite as well as alkali basalt and evolved members of the suite include 
trachyte, phonolitic trachyte and peralkaline rhyolite (but see section 6.4 for a 
more detailed discussion of the rhyolite). Indeed, although trends are apparent 
in the major element data, the large amount of scatter in these data reveal that 
the suite has not evolved along any single liquid line of descent. This was also 
a feature pointed out by Macdonald (1975) who described some pronounced 
regional variations in major element compositions in the Dinantian rocks. 
Macdonald suggested that each region had a different magmatic lineage. 
Regional variations in major element composition therefore need investigation. 
5.3. Regional variations 
5.3.1. Eastern Midland Valley 
Samples from the eastern Midland Valley are from Holyrood Park, 
Craiglockhart Hill, East Lothian, Bathgate and Fife. The lavas of Holyrood Park 
and East Lothian are comparable in major element composition, although in 
general, the latter rocks are more saturated with respect to silica, being 
commonly by-normative, whereas the Holyrood Park samples are predominantly 
ne-normative (Appendix Ill). 
There is also similarity in composition between the Fife and Bathgate 
lavas, although the later, Bathgate rocks are more silica-undersaturated (a few 
being basanitic) than the Fife lavas. Most of the Fife samples are 
by- normative. 
Fig. 5.11 shows the variation in major elements against MgO % as an 
index of differentiation. The lavas from Fife and Bathgate are the most basic 
with > 6% MgO. The trends are in general consistent with those seen in the 
rest of the eastern Midland Valley, with the exception that MnO ranges to 
slightly higher and more variable concentrations in the Fife lavas. 
Samples from Craiglockhart are ankaramites and have slightly lower 
Na 20, P205, Ti02 and A1 203 and higher CaO than the general trend. 
The greatest range in MgO concentrations is apparent in the East 
Lothian rocks (ranging from basalt to trachyte). The most notable feature in 
this suite is the high concentration of P 205 (up to 1.5%) in basaltic to hawaiitic 
rocks. 
Samples from Holyrood Park (and Calton Hill, Edinburgh) are similar in 
major element composition to the East Lothian rocks, although more evolved 
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members (benmoreites and trachytes) are missing. The major deviation in 
Holyrood Park samples from the main trend is towards lower concentrations of 
CaO and higher concentrations of Na20 for certain rocks (Fig. 5.11). These 
samples are very plagioclase-phyric lavas from Calton Hill. Albitisation of 
these lavas is apparent in thin section (Chapter 3) and exchange of CaO and 
Na20 in the albitisation process readily explains these deviations. 
5.3.2. Northern Clyde Plateau 
Samples collected from the northern part of the Clyde Plateau are from 
the Campsie Fells, the Corrie of Baiglass, Fintry Hills, Touch Hills, Gargunnock 
Hills and the Kilpatrick Hills as well as small outcrops at Ben Bowie (Chapter 2). 
Lavas from Campsie Glen and the Corrie of Balgiass are either ne- or. by + 
01-normative. 	Few of the Campsie Glen 	lavas are very fresh 	and LOl 	is 
consequently high for some samples (Appendix Ill). Samples from the Touch 
Hills 	are 	predominantly by-normative with some also 	q-normative. A few 
samples have corundum in the norm. This feature in general tends to correlate 
with degree of alteration of the rocks and may therefore be a result of alkali 
loss. The lavas from the Fintry, Gargunnock and Kilpatrick Hills as well as Ben 
Bowie are also predominantly by-normative. 
The variation in major element oxides with MgO % for the northern 
Clyde Plateau lavas is shown in Fig. 5.12. A broad scatter is visible in these 
graphs. Most samples have MgO concentrations of 3-6%. The largest range in 
MgO content is in the lavas from the Kilpatrick Hills and some samples from 
this region are the most basic of any collected in the northern Clyde Plateau. 
The lowest MgO concentrations are found in the lavas of Campsie Glen. Large 
variations in all elements are visible. In particular, Fe203t  shows different 
degrees of enrichment in different regions: the lavas of the Fintry Hills for 
example, generally have greater concentrations of Fe203t  for similar MgO 
contents than the lavas of the Touch Hills and many of the Kilpatrick Hills 
samples. This may be a function of oxidation state of the magmas during 
differentiation. 
The highest concentrations of A1203 are found in the Touch Hills lavas. 
It is noteworthy that many of the lavas from the Touch Hills are macrophyric 
with highly abundant plagioclase phenocrysts. It is possible that such A120 3 
enrichment is a function of plagioclase accumulation, although the absence of 
complementary plagioclase-depleted lavas suggests instead that the magma 
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Variations in CaO and A120 3 may be a function of variations in the modal 
abundances of plagioclase and/or clinopyroxene phenocrysts in the different 
regions, and support Macdonald's (1975) suggestion that each region in the 
Scottish Dinantian suite had a different magmatic lineage. It is clear from Fig. 
5.12 that the major element concentrations do not describe any single liquid 
line of descent. Even if the magmas evolved along several separate lineages, 
phenocryst fractionation will have caused minor deviations from such trends. 
5.3.3. Southern Clyde Plateau 
Samples included in this category are from Ayrshire and Renfrewshire, 
Strathaven and Carnwath. Most are hy-normative, although a few are 
ne-normative. Some of the Carnwath samples are q-normative. 
In Fig. 5.13, major element variation trends show much less scatter than 
those observed in the northern Clyde Plateau. The lävas from Strathaven have 
the most extended range (13% to < 1% MgO) and show progressive increase - 
in S102, A1203, Na20 and K20 with decreasing MgO. The Fe203t  trend shows a 
shallow decrease to c. 5% MgO and decreases more steeply in the more 
evolved rocks. In general, the Fe2O3 concentrations are lower in the 
Strathaven samples than in other regions. The fact that many of the 
Strathaven lavas contain phenocrysts of amphibole, particularly in the 
intermediate and evolved rocks (cf. Chapter 3) suggests that this tower degree 
of Fe enrichment may be a function of t0 2 in the magma during the period of 
phenocryst growth. The change in gradient of Ti0 2 and P 205 in the Strathaven 
samples at about 4-5% MgO appears to be related to the onset of 
titanomagnetite/ilmenite and apatite crystallisation respectively. 
Lavas from Ayrshire and Renfrewshire also show clear trends on the 
variation diagrams (Fig. 5.13), although these do not exactly correspond with 
those of the Strathaven lavas. In particular, Fe203t  and Ti02 are greater in the 
Ayrshire and Renfrewshire lavas for similar MgO concentrations. P 205 is very 
variable, but ranges up to much higher concentrations than are observed in 
other regions in Fig. 5.13, particularly in the more evolved rocks (0-3% MgO), 
suggesting delayed fractionation of apatite. 
The Carnwath samples commonly have higher CaO and Ti0 2 and lower 
K20 and Na 20 than the other southern Clyde Plateau samples. The lower Na20 
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5.3.4. Western Midland Valley 
Samples from this region are from Arran, - Bute, Great Cumbrae and Little 
Cumbrae in the Firth of Clyde, as well as south Kintyre. Samples from all these 
regions are predominantly hy-normative, although a few are ne-normative 
(particularly some of the Little Cumbrae lavas). Many of the lavas from Bute 
are q + c-normative, the latter suggesting alkali loss during late-stage 
alteration. Two tholeiite samples (one being MV261, described by Macdonald, 
1975, 1980 as low-K tholeiite) have slightly higher A120 3 and lower K20, Ti02 
and P20 5 for similar MgO concentrations than other samples from Kintyre. 
These compositions are discussed in more detail in Chapter 6. 
Major element oxides are. plotted against MgO in Fig. 5.14. The most 
basic samples are from Arran and Kintyre (both these regions have abundant 
ankaramite) and the most evolved rocks are from Great Cumbrae and Kintyre. 
Generally, the major element trends reflect those of the Dinantian suite as a 
whole, and oxide concentrations closely reflect phenocryst assemblages in 
these rocks. Some interesting deviations include the generally higher 
concentration of Ti0 2 (and MnO) and lower P 205 in the lavas of Bute than in 
other regions, particularly Kintyre. Whether this reflects variations in 
phenocryst assemblage or source region variations (or a combination of the 
two) is unclear and will be discussed further in Chapter 6. 
5.3.5. Scottish Borders, Ireland and Cumbria 
Other regions from which samples have been collected include Kelso 
and the ElIdon Hills in southeast Scotland, Birrenswark, Langholm and 
Kershopefoot in southwest Scotland, Limerick and Ballycastle in Ireland, and 
Cockermouth in Cumbria. Volcanic rocks from the Scottish Borders are 
predominantly hy-normative, although several lavas from Birrenswark and 
Kershopefoot are ne-normative (Appendix Ill). This conflicts with Macdonald's 
(1975) statement that the Tournaisian volcanic rocks of the Borders were all 
hp-normative in character, in contrast to many of the later, Visean rocks of the 
Midland Valley (Macdonald, 1975, Fig. 8). Intrusive trachyte and rhyolite from 
the Eildon Hills are mainly q-normative (+ c-normative). 
Samples from Ballycastle in Northern Ireland are ky-normative, in strong 
contrast to the highly undersaturated nature of most of the rocks from the 
Limerick Basin, many of which are basanitic. 
Basic Iavas from Cockermouth are q-normative, in agreement with the 
observations of Macdonald and Walker (1985). 
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Fig. 5.15 shows the variation in major element oxides against MgO for 
samples from these regions. One important feature to note is the dissimilarity 
of the Limerick Basin samples from the other regions. For the most basic 
samples (MgO > 8%), Limerick lavas have much higher CaO, Fe2O3,  Ti02, P205 
and MnO than samples from Kelso (for similar MgO concentrations). Variation 
in Ti02 and P205 may be related to the normative character of the two suites 
since the Kelso lavas are generally olivine tholeiites whereas the Limerick rocks 
are alkali olivine basalts and basanites. However, some of the variation in 
these elements may relate to variations in composition of the source regions 
for the different rocks. 
Lavas from Cockermouth also deviate significantly in some elements 
from the main trend shown in Fig. 5.15. Concentrations of Ti0 2, K20, Na 20 and 
are much lower than in the other regions. This is also probably due to 
the degree of saturation with respect to silica of these rocks. 
5.4. Fractional crystallisation 
Volcanic rocks from parts of the Scottish Dinantian province have been 
interpreted as the products of polybaric fractional crystallisation (Macdonald, 
1975; MacDonald and Whyte, 1981; Russell, 1985). Macdonald (1975) outlined a 
high-pressure crystallisation history for the Campsie Fells lavas and described 
two possible assemblages that might have been responsible for the 
compositions of the hawaiites and basaltic hawaiites. One involved 
crystallisation of olivine + clinopyroxene + plagioclase at > 9kb, whereas the 
other involved Al-clinopyroxene alone at > 13kb. More evolved olivine + 
plagioclase + magnetite assemblages were attributed to low-pressure 
fractionation. 
MacDonald and Whyte (1981) also suggested an upper mantle stage of 
Al-clinopyroxene fractionation in the basic rocks of the Campsie Fells, whereas 
the olivine + plagioclase + magnetite assemblages described by Macdonald 
(1975) as low-pressure products, they interpreted as the products of 
intermediate pressure crystallisation (but at < 8kb) in the crust. They 
proposed that the most salic magmas in the Campsie Fells were produced by 
fractionation in shallow-level magma chambers. 
The discovery of Al-(Cr-)spinel by Russell (1985), commonly as 
inclusions within olivine and clinopyroxene phenocrysts (thought to represent 
high-pressure phases), is also compatible with the hypothesis that the basic 
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crystal fractionation. Certainly, the observation that ne-normative basalts are 
generally associated with hy-normative differentiates (Fig. 5.3) suggests that 
the suite cannot have evolved totally by low-pressure processes since they 
cross the critical plane of silica undersatu ration. This is substantiated by the 
fact that Russell (1985) failed to reproduce a similar trend in experiments at 
low pressure. 
Having established that high-pressure evolution has controlled the basic 
magmas from some regions, it may be possible to assess the relative 
contributions of olivine, clinopyroxene and plagioclase in the fractionating 
assemblages. Fig. 5.16 shows three variation diagrams with whole-rock 
compositions from Arran, Holyrood Park, Kintyre, East Lothian, Kelso, Campsie 
Fells, Fife, Bathgate and Strathaven. Also plotted are olivine and clinopyroxene 
phenocryst core compositions from basalts and basaltic hawaiites from these 
regions. 
Fig. 5.16a shows that MgO falls dramatically with increasing Si0 2 and 
that fractional crystallisation of olivine may be responsible for this trend. 
However, many clinopyroxene core compositions are similar in MgO and Si02 
concentration to the most basic whole-rock samples and therefore the 
influence of clinopyroxene on the whole-rock fractionation trend is not easily 
determined from this plot. 
Fig. 5.16b shows variation in CaO with MgO. The whole-rock data show 
pronounced fall in CaO concentration with increase in MgO and the trend is 
directly away from the clinopyroxene phenocryst core compositions, although 
there is much scatter in the whole-rock trend. Many, in fact, may be better 
explained by an olivine + clinopyroxene extract, than by clinopyroxene alone. 
Fig. 5.16c (A1 20 3 against CaO) also shows the trend of whole-rock data 
projecting away from clinopyroxene. In this case, olivine may also be involved 
in the crystal extract although its influence relative to clinopyroxene (in these 
regions at least) must be minor. 
The fact that olivine is a ubiquitous phenocryst phase in all the basic 
rocks plotted in Fig. 5.16 suggests that olivine does play a role in the crystal 
fractionation process, but the strong vectors away from clinopyroxene in Fig. 
5.16b,c reveal that clinopyroxene probably had a dominant influence. This is 
substantiated petrographically since many of the basalts (particularly the 
ankaramites) are rich in clinopyroxene phenocrysts. 
It is noteworthy that the whole-rock trends in Fig. 5.16 are not straight 
lines. The marked decrease in MgO with increasing Si0 2 (Fig. 5.16a) is reduced 
111 
at Si02 c. 46% and the trend of A1203 enrichment in Fig. 5.16c also diminishes 
at CaO c. 5%. 
These trends appear to reflect fractionation of other phases and in Fig. 
5.16c in particular, the curved trend may be produced by the onset of 
plagioclase phenocryst crystallisation (in basaltic hawaiites and hawaiites) since 
plagioclase phenocryst core compositions (Appendix II) from the regions given 
in Fig. 5.16 have much higher A120 3 than the whole-rock compositions. 
In the most evolved Dinantian samples, major element compositions 
may generally be related to fractional crystallisation of plagioclase, 
titanomagnetite, apatite, itmenite, anorthoclase and sanidine. Compositions of 
intermediate and evolved rocks from the Strathaven region may be related to 
fractionation of hornblende. 
5.5. One atmosphere phase diagrams 
Basic rocks from some regions have been plotted in the normative 
olivine-plagioclase-clinopyroxene (01-PI-Cpx) phase diagram for. tholeiitic rocks 
at 1 atm. pressure (Cox et al. 1979). The projections are from ne or q in 
weight %. Following the stipulations given by Cox et al. (1979), only basaltic 
rocks (An# > 50) with c. 1% K 20 or less and which plot close to the critical 
plane of silica undersaturation have been included. Phase boundaries at 1 atm. 
pressure (Figs. 5.17-5.20) are from Cox and Bell (1972). 
Basalts from East Lothian (Fig. 5.17a) show a trend, albeit with some 
scatter, from compositions lying in the primary phase field of olivine to that of 
plagioclase. This corresponds with a decrease in MgO concentration and 
suggests that magma differentiation produced residual magmas which were 
more enriched in normative plagioclase. A similar trend, with corresponding 
decrease in MgO, is observed in the lavas of Holyrood Park (Fig. 5.17b). Both 
trends project on a vector away from a composition rich in clinopyroxene 
although the extract appears to involve clinopyroxene + olivine. It is worth 
noting that although many samples plot in the primary phase field of olivine at 
1 atm. pressure, the majority of basaltic samples from Holyrood Park and East 
Lothian have olivine + clinopyroxene or olivine + clinopyroxene + plagioclase 
phenocryst assemblages. This suggests that the 1 atm. cotectics are not 
wholly appropriate for discussion of the petrogenesis of these basic rocks. 
Samples from Arran (Fig. 5.18a) also plot on a line from the primary 
phase field of olivine to that of plagioclase in the 01-PI-Cpx projection. This 
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East Lothian and Holyrood Park data. Early crystallisation of both olivine and 
clinopyroxene may therefore have been responsible for the compositional trend 
in the Arran rocks. This is consistent with the ankaramitic nature of the 
majority of samples collected from this region. 
Basalts from Strathaven (Fig. 5.18b) show similar features, although the 
extract projects away from a composition richer in clinopyroxene than is the 
case in Arran. 
In Figs. 5.19a and b, data for the Kilpatrick Hills and Lochwinnoch also 
show the same features, although the crystal extract required to produce each 
of these trends is of a slightly different composition. In most of these cases, 
samples plotting in the primary phase field of olivine contain corroded and 
partially resorbed phenocyrsts of clinopyroxene (e.g. the ankaramite, CP573, in 
Fig. 5.19b). 
Lavas from Fife and Bathgate are plotted in Figs.. 5.206,b. These samples 
again all plot in the primary phase field of olivine, although many of them 
contain phenocrysts of clinopyroxene as well as olivine. It may therefore be 
concluded that these lavas also relate more to high-pressure evolution than to 
simple 1 atm. cotectics. 
In the case of the Fife lavas however, many samples, although rich in 
pyroxene, contain only olivine phenocrysts. It may therefore be that such rocks 
do relate to low-pressure equilibria since these plot in the area of the 
01-PI-Cpx diagram (Fig. 5.20b) that is predicted by the low-pressure cotectics. 
Some of the olivine phenocrysts in these olivine-only assemblages are skeletal 
and probably indicate rapid quenching at low pressure (see Chapter 3). 
Macdonald (1975, Figs. 5,18) arrived at similar . conclusions from 
01-PI-Cpx projections at 1 atm. for volcanic rocks from Kintyre, Holyrood Park 
and East Lothian. From the Campsie Fells trend, he proposed that the parental 
basaltic magmas crystallised olivine + plagioclasé + clinopyroxene at pressures 
greater than 9-10 kb, thus driving the residual liquids to basaltic hawaiite 
compositions. Macdonald postulated that the magmas then ascended 
sufficiently slowly for crystallisation to take place at low pressure, allowing the 
original high-pressure phases to be totally resorbed. The resultant trends lay 
parallel to the olivine-plagioclase cotectic at 1 atm. but offset towards the 
plagioclase apex (Macdonald, 1975, Fig. 18). This hypothesis requires however, 
that the plagioclase-olivine cotectic lay at a more plagioclase-rich composition 
than that defined by Cox and Bell (1972). This feature Macdonald attributed to 
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in the Campsie Fells. Cox et al. (1979, p235) stated on the other hand, that the 
1 atm. cotectics change position in compositions more evolved than basalt, 
resulting in the contraction of the primary phase field of plagioclase and 
expansion of the clinopyroxene field. It may simply be therefore, that the Cox 
and Bell (1972) 1 atm. cotectics are inapplicable to rock compositions as 
evolved as hawaiite. 
The general consensus (Macdonald, 1975; MacDonald and Whyte, 1981; 
Russell, 1985) that some of the Dinantian rocks evolved under polybaric 
conditions indicates that the 1 atm. phase diagrams in Figs. 5.17-5.20 are of 
limited use in the discussion of the petrogenesis of these rocks. However, the 
plots are useful from the fact that different vectors are distinguishable for 
different regions and that possible crystal extracts involved varying amounts of 
clinopyroxene + olivine crystallisation in the basaltic rocks. More useful 
interpretations may therefore be obtained from high-pressure phase diagrams. 
5.6. CMAS projections 
O'Hara's (1968) natural basalt phase diagram for pressures up to 30 kb is 
of use in the consideration of polybaric crystallisation processes. Projections 
for basic samples from Arran, East Lothian, Bathgate and Fife are given in Figs. 
5.21, 5.22. The projections into the CMAS tetrahedron are from olivine into 
CS-MS-A and from diopside into C 3A-M-S since olivine and clinopyroxene (+ 
spinel) are the primary phenocryst phases in the basalts. Parameters are 
calculated assuming an Fe oxidation ratio of FeO/(FeO+Fe203)=0.13. Phase 
boundaries at 1 atm. and 10 kb are taken from O'Hara (1968) and Cox et al. 
(1979). The CMAS system has a disadvantage in that no unique interpretation 
of natural rock data can be obtained from the projections. However, if phase 
boundaries are not taken too literally, some useful qualitative observations can 
be made. 
Data for Arran basalts are presented in Fig. 5.21a,b. Both projections 
reveal that the Arran compositions straddle the critical plane of silica 
undersaturation (olivine gabbro plane). In Fig. 5.21a, almost all samples plot in 
the phase field of olivine (+ clinopyroxene + liquid). Since the lavas of Arran 
are all olivine- or olivine + clinopyroxene-phyric, the 1 atm. phase boundaries 
appear at first to be appropriate. At pressures > 1 atm., O'Hara (1968) showed 
that these phase boundaries shift progressively towards the M apex (e.g. Fig. 
5.21a). At 10 kb the Arran rocks (Fig. 5.21a) plot mostly in the olivine (+ 
clinopyroxene + liquid) field and the spinel (+ clinopyroxene + liquid) field. One 
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Fig. 5.21. 	WAS projections (O'Hara, 	1968): a,c: from diopside into C 3A-M-S, 
b,d: from olivine into CS-MS-A. Figs. 5.20a,b refer to Arran basalts; c,d refer to 
East 	Lothian basalts 	and 	basaltic 	hawaiites. 	Symbols 	refer to 	phenocryst 
assemblages. Phase boundaries are given at 1 atm. and 10 kb. pressure. 
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sample plots in the orthopyroxene (opx) field at 10 kb. Since the Arran lavas 
are commonly spinel-phyric, such pressures may be appropriate for the 
intratelluric crystallisation history of these rocks. However, since olivine is 
invariably a phenocryst phase, perhaps a more appropriate phase boundary 
would lie at some point intermediate between the 1 atm. and 10 kb cotectics. 
In this case, the diopside projection into C 3A-M-S is rather inconclusive. 
Fig. 5.21b shows the olivine into CS-MS-A projection for basalts from 
Arran. The trend is elongate and appears to project away from orthopyroxene 
(MS). However, no such similar elongation of the trend is observed in the 
projection from diopside, and it is concluded that this is a result of projection 
distortion due to the obliquity of the projection in the CMAS tetrahedron (cf. 
Clarke, 1970). In Fig. 5.21b, the olivine-phyric and olivine + 
clinopyroxene-phyric rocks are clearly distinguished. In all fields, olivine + 
liquid is included as well as the given phases. At 1 atm., the olivine + 
clinopyroxene + spinel-phyric lavas lie on the O'Hara (1968) 
plagioclase-clinopyroxene cotectic. None of these lavas however contain 
plagioclase phenocrvsts. A set of cotectics at higher pressure (e.g. 10 kb) 
show a contraction of the plagioclase/spinel field, such that the 
clinopyroxene-plagioclase cotectic moves towards the A apex, and the majority 
of Arran samples plot in the stability field of clinopyroxene (+ olivine + liquid). 
This appears to be a more appropriate scenario in view of the phenocryst 
assemblages of these rocks. However, increase in pressure results in 
expansion of the orthopyroxene field, with the result that at 10 kb, two Arran 
samples lie in the orthopyroxene stability field. Since orthopyroxene is never a 
phenocryst phase in the Arran lavas, it follows that the 10 kb phase boundaries 
may be at too high a pressure to be appropriate for Arran. Perhaps again, a 
set of cotectics intermediate between 1 atm. and 10 kb would be appropriate 
for the phenocyst stage of evolution of the Arran rocks. 
Figs. 5.21c,d refer to basalts and basaltic hawaiites from East Lothian. 
The dominant phenocryst phases are olivine + plagioclase + spinel. In c, at 1 
atm. pressure, the plagioclase-phyric rocks plot in the field of plagioclase (+ 
clinopyroxene + liquid) and the olivine + plagioclase assemblages plot closest 
to the plagioclase-olivine cotectic. It is feasible therefore, that these rocks 
have crystallised under low pressure equilibria. This is consistent with the 
observations of Macdonald (1975) and Russell (1985). The olivine + 
clinopyroxene-phyric lavas plot in the primary phase field of olivine (+ 
clinopyroxene + liquid) at 1 atm. and it therefore appears from Fig. 5.21c that 
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these assemblages are low pressure phenomena. However, in Fig. 5.21d, the 
olivine-clinopyroxene-phyric samples plot approximately on the 
plagioclase-clinopyroxene cotectic (cf. the Arran 'basalts). Therefore, a higher 
pressure situation may be more appropriate for the genesis of these magmas. 
The olivine + clinopyroxene + plagioclase assemblages from East Lothian 
should in an ideal situation plot along the clinopyroxene-plagioclase cotectic in 
Fig. 5.21d. Such a cotectic should clearly be offset towards more A-rich 
compositions, and therefore higher pressure is also inferred for this 
assemblage. The olivine + plagioclase assemblage rocks generally plot in the 
field of plagioclase (+ olivine + liquid) at 1 atm. and therefore appear to be 
consistent with lower pressure crystallisation of their phenocryst assemblages. 
It must be noted that pressures from the WAS projections that 
pressures of phenocyst growth are largely constrained due to the expansion of 
the orthopyroxene field at elevated pressures. Polybaric fractional 
crystallisation (0-10 kb?) may therefore have been responsible for the trends 
observed in the Arran and East Lothian volcanic rocks. 
Fig. 5.22 shows projections from diopside into C 3A-M-S and from olivine 
into CS-MS-A for basalts from Bathgate and Fife. These data, like those of 
Arran and East Lothian, straddle the critical plane of silica undersaturation. 
Both suites are notably similar in composition, although the proportion of lavas 
with olivine as the only phenocryst phase is greater in Fife. In both cases 
where projections are from diopside into CA-M-S, the majority of samples 
plot within the field of olivine (+ clinopyroxene + liquid) at 1 atm. This is 
consistent with their phenocryst assemblages. One plagioclase-phyric sample 
from Bathgate also plots in the stability field of plagioclase at 1 atm., and is 
compatible with 1 atm. phase relationships. 
In the projections from olivine into CS-MS-A on the other hand, the 
points plot on an elongate trend, again believed to result from projection 
distortion, within the stability field of plagiOclase (+ olivine + liquid) at 1 atm. 
This projection suggests that the basalts of Bathgate and Fife did not 
crystallise totally under low-pressure conditions. For these rocks to be 
consistent with phase relationships given by O'Hara (1968) in the olivine 
projection into CS-MS-A, the requirement appears to be for the 
plagioclase-clinopyroxene cotectic to lie towards significantly more A-rich 
compositions, such that the olivine + clinopyroxene phenocryst-bearing lavas 
plot on the clinopyroxene- rich side of point B (Figs. 5.22b,d). Here again, the 
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expands significantly for orthopyroxene to be important as a phenocryst phase 
in the Bathgate and Fife samples. This, from petrographic evidence, is clearly 
not the case. Some evidence of polybaric crystallisation is therefore apparent 
in the Fife and Bathgate lavas as well as in the Arran and East Lothian rocks. It 
is tentatively suggested that the intratelluric crystallisation history of the 
basalts from Bathgate and Fife has taken place at some pressure < 10 kb but 
> 1 atm. 
It is perhaps a dubious exercise to apply CMAS projections, which 
assume equilibrium, to natural rocks where petrography shows them to be 
commonly non-equilibrium assemblages. However, as long as this limitation is 
borne in mind, the diagrams show some useful indications that higher pressure 
and indeed, polybaric crystallisation may have been important in the evolution 
history of some of the Dinantian basic rocks. Such observations are consistent 
with the hypotheses of Macdonald (1975), MacDonald and Whyte (1981) and 
Russell (1985). 
5.7. Primary magmas 
Frey et al. (1978) estimated that the least refractory upper mantle 
peridotite compositions have 100Mg/(Mg+Fe) (Mg-values as %) of 88-89. 
Basaltic magmas derived from such peridotite sources must therefore have 
Mg-values in the range 68-75 for up to c. 30% melting (using a distribution 
coefficient D0 for Fe/Mg of 0.3, after Roeder and Emslie (1970)). Macdonald 
and Walker (1985) suggested that basalts with Mg-values < 68 would not be 
equilibrium with mantle oliviné of composition Fo > 87 and that such magmas 
could not be considered primary. Wilkinson and Binns (1977) and Wilkinson 
(1982) argued on the other hand that the upper mantle is heterogeneous in its 
Mg-value and that portions may be considerably more Fe-rich than previous 
estimates suggested. 
Major (and trace) element data suggest that many of the ankaramitic 
basalts as well as the Fife and Bathgate basalts represent the most primitive 
compositions. Basalts from Arran, Kintyre and the Limerick Basin have 
Mg-values in the range 47-72, 40-63 and 39-61 respectively, the most 
magnesian compositions being ankaramitic. Basalts from Fife have 
compositions in the range 55-64, whilst those from Bathgate range between 
54-65. The Mg-values for these samples (except some Arran ankaramites) are 
lower than the Frey et al. (1978) 'primary magma' estimates and, if a Frey et al. 
(1978) mantle composition is assumed, some fractionation of initial partial 
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melts is required to explain the compositions of these basaltic samples. 
However, some of the more magnesian basalts could feasibly have been 
primary magmas if they were derived from a relatively Fe-rich source (as for 
example envisaged by Thompson, 1974t4 1975 for magmas from Skye and the 
Snake River Plain, USA and Swanson and Wright, 1981 for Columbia River 
basa Its, USA). 
Macdonald (1975) observed that the Dinantian magmas had generally 
evolved to a state of olivine + clinopyroxene coprecipitation before eruption, 
although he speculated that some of the olivine-phyric (only) lavas from 
Bathgate and Fife may have represented more primitive liquids. Mg-values 
outlined above however, for these olivine-phyric lavas are still appreciably less 
than the Frey et at (1978) estimate of primary magma compositions and can 
only represent primary magmas if they were derived from a peridotite source 
which comprised portions considerably more Fe-rich than the Frey et a/. (1978) 
composition estimates. 
5.8. Summary and discussion 
Major element data reveal that the Dinantian rocks may best be 
described as a transitional to mildly alkaline suite, ranging in composition from 
basalt (and minor basanite) to trachyte and rhyolite. The apparent progressive 
decrease in volume of rocks of more evolved composition, together with the 
lack of compositional gaps suggest that the suite evolved by fractional 
crystallisation processes. The generally close agreement between major 
element compositional trends for the whole suite and the observed phenocryst 
assemblages substantiate this view. Great variations in degrees of silica 
saturation are apparent throughout the evolutionary spectrum: basic rocks 
range from basanite to q-normative tholeiite whilst evolved rocks range from 
trachyte and phonolitic trachyte to peralkaline rhyolite. Such variations are in 
agreement with Macdonald's (1975) recognition of several geographically 
distinct magmatic lineages, although it must also be noted that the 
within-region variation in degrees of silica saturation is often substantial. 
Some inter-regional variations in major element composition may be attributed 
to differences in phenocryst assemblages in the different regions (Chapter 3: 
Figs. 3.1a,b,c). 
Major element compositions of basaltic rocks from some regions may 
best be explained by polybaric crystal fractionation, involving crystallisation of 
olivine + clinopyroxene + spinel + plagioclase at high (and variable) pressures 
124 
(c. 10 kb or less). Olivine + plagioclase + spinal assemblages (mostly basaltic 
hawaiite and hawaiite) may be the products of lower pressure crystallisation 
(cf. Macdonald, 1975; MacDonald and Whyte, 1981; Russell, 1985). It is unclear 
whether the olivine-only phenocryst assemblage, common in the Fife basalts, is 
a high-pressure phenomenon (or merely high-temperature), although their 
compositions are consistent with phase boundaries at 1 atm. pressure in the 
01-PI-Cpx phase diagram (Fig. 5.20b). 
Variations in trends in the 01-PI-Cpx diagrams (Figs. 5.17-5.20) reveal 
that different regions may have fractionated phenocrysts in different 
proportions (particularly olivine and clinopyroxene), and is consistent with the 
above conclusion that rocks from different regions were the products of 
several lines of descent (cf. Macdonald, 1975). 
Evidence from major (and trace) element data suggests that ankaramitic 
basalts from many parts of the province, as well as basalts from the Fife and 
Bathgate regions, represent the most primitive liquids of the Dinantian suite. A 
few of the ankaramites have Mg-values high enough to have been produced 
directly from a fertile peridotite mantle for up to c. 30% melting (Frey et al.. 
1978). Whilst a few of the ankaramites may have slightly elevated Mg-values 
due to phenocryst accumulation (suggested by Russell, 1985 for e.g. the 
Whinny Hill intrusion, Holyrood Park), many of them may represent liquid 
compositions, as proposed by Thompson and Flower (1971); Cox (1978) and 
MaalOe et at. (1986) for such ankaramitic melts, and not crystal-enriched 
magmas. Mg-values of the Fife and Bathgate basalts are too low to have been 
in equilibrium with a mantle composition similar to that proposed by Frey et al. 
(1978) and can only represent primary magmas if the mantle source was more 
Fe-rich than the Frey et al. (1978) estimates (cf. Thompson, 1974b, 1975; 
Wilkinson and Binns, 1977). Swanson and Wright (1981), Wilkinson (1981) and 
Wright and HeIz (1981) also favoured a relatively Fe-rich mantle source for 
several tholeiitic basalt sequences. Wilkinson (1981) noted the virtual absence 
of the appropriate complementary cumulates (e.g. dunites, allivalites, troctolites 
and anorthosites) and the relative rarity of extrusive rocks with potential 
parental compositions (Mg-values of c. 70-80) and suggested that such basalts 
represented primary rather than derivative magmas. Since these requirements 
are also unfulfilled in the Scottish Dinantian province, the more magnesian 
compositions (from Fife, Bathgate and Arran) could feasibly represent primary 
magmas derived from a source with a relatively low Mg-value, rather than 
fractionated melts. 
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Macdonald et at (1977) suggested that the Permo-Carboniferous 
volcanic activity in Britain exhibited two thermal cycles, displayed by degrees of 
silica undersaturation, in the rocks. The first cycle was thought to occur 
throughout the Dinantian, since early lavas (particularly the Tournaisian rocks of 
the Scottish Borders) were predominantly hr + q-normative whereas later 
Visean to early Namurian lavas were recognised as largely ne-normative (and 
often basanitic). The change in degree of silica undersaturation with time was 
attributed to decreases in the degrees of partial melting of the mantle source 
region during the waning stages of Dinantian magmatism. Whilst the 
observations of Macdonald at al. (1977) are upheld in this study, the normative 
character of the volcanic rocks in different regions is more variable than these 
authors suggested The recognition of ne-normative rocks of Tournaisian age 
in the Birrenswark area as well as hy-normative lavas in the Bathgate Hills and 
Fife lavas (Appendix Ill) suggests that that the cycle  model of Macdonald et al. 
(1977) is oversimplified, at least in the Dinantian rocks. Whether the model 
holds for the later Carboniferous and early Permian lavas has yet to be tested. 
It has been concluded that inter-regional variations in major element 
composition reflect differences in phenocryst assemblages as well as 
compositions and proportions of phenocrysts. Much of the regional variation 
may therefore be explained by fractional crystallisation. However, it is unclear 
whether the large variability in some major element compositions (particularly 
P205 and T102; Figs 5.11-5.15) in many basaltic rocks relates simply to 
processes of fractional crystallisation or whether this is a feature inherited 
from the mantle source regions of these rocks. This is a problem which needs 
investigation and will be discussed further in Chapter 6. 
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CHAPTER 6 
TRACE ELEMENT CHEMISTRY 
6.1. Introduction 
Macdonald (1980) proposed that the mantle source region for basaltic 
rocks from the Scottish Midland Valley was laterally heterogeneous with 
respect to incompatible trace elements on a scale of hundreds of square 
kilometres. Whilst this was an important observation, the limited set of 
available trace element data, along with the complete lack of isotopic data left 
many questions about the precise nature of the mantle source region(s) 
unanswered. The aim of the next two chapters is to investigate the trace 
element and isotopic variations in the Dinantian volcanic suite with the aid of a 
much wider data base than that available to Macdonald. The relative roles of 
such processes as partial melting, fractional crystallisation and crustal 
contamination will be be discussed along with the geochemical nature of the 
source in the light of recent advances in trace element and isotopic research. 
Major element data (Chapter 5) reveal that fractional crystallisation 
processes have played a major part in the evolution of the Dinantian rocks. 
Variations in such elements as P 205 and Ti0 2 in the most basic rocks are, 
however, difficult to explain by fractional crystallisation alone, and give some 
hint that other factors may have been important. The following discussion will 
be mainly concerned with the incompatible elements (where the bulk 
distribution coefficient, 0 < 1) in the basic rocks, since these are least likely to 
have suffered extensive modification by fractional crystallisation. Firstly 
however, all trace elements have been plotted against MgO as an index of 
differentiation in order to attempt identification of the fractionating phenocryst 
phases and to determine which of the trace elements are incompatible in the 
basic rocks. Trace element data (in ppm) are presented in Appendix Ill and IV 
and analytical methods are given in Appendix V. 
6.2. Variation diagrams 
6.2.1. Ni 
Ni abundances for all analysed rocks are plotted against MgO in Fig. 
6.1a. A strong correlation between MgO and Ni is apparent: the most basic 




+ Hawoi I te 
400 - AMugeoriIe 
DBenrejfe 
00 
x Trachyte  
• 	 vRhyoIie 
•• 	• 





• 	 , E 
• ' 	+ • 	 • 
.*+ • • + 	. + 	+ 
S 	 ...%,,.. 
'S • +.. 	•++ 	f* 
A 	+ 
100 * + 	
- + 
• 	 •*.. .• 
• 	 .1+.  
0 I 	•* iS 





- 	 b 800 • 
• S 	 - 	S 
• S 
E 	










•:00 AS 41k 
+ 	-. 
o • 	• 	 * • 
• 55 • S 	+ S. 	+ 
200- 




0 ' 	 I 	1+5 
13 	12 11 10 	9 	8 7 	6 	5 	4 	3 	2 	1 	0 
M9OZ 
Fig. 6.1a,b. 	Variation in Ni and Cr (ppm) with MgO (weight %) for Dinantian 
volcanic rocks. • 	 - 
128 
have generally < 5 ppm Ni. A large range of Ni concentrations is apparent for 
a given MgO content. Much of this variation is intra-regional, although some 
inter-regional differences are also visible. The most distinct group of basaltic 
samples shown in Fig. 6.1a is from the Limerick Basin of Ireland. Several 
samples from this region have high MgO concentrations (10.5-8.5%) although 
their Ni concentrations are generally less than 50 ppm. The variation in Ni in 
the Dinantian samples may best be explained by fractionation of olivine and 
perhaps some sulphide. 
The Basaltic Volcanism Study Project (1981) suggested that, depending 
on assumptions made about mantle mineralogy and Ni content, and on 
assumed distribution coefficients for Ni, primary magmas may be expected to 
have 200-450 ppm Ni. Similarly, Ni/MgO ratios of between 23-39 were taken 
to represent primary magmas assuming they were in equilibrium with olivine of 
composition Fo 91 . Between these limits however, there is much latitude for 
olivine fractionation and magmas derived from mantle sources with higher 
Ni/MgO ratios may fractionate olivine and still lie within these limits (Basaltic 
Volcanism Study Project, 1981). 
Many basaltic rocks from the Dinantian province have Ni concentrations 
> 200 ppm and Ni/MgO ratios of 23-39. These include many ankaramites from 
Arran, Ayrshire, Renfrewshire, Holyrood Park and Strathaven as well as many 
microphyric lavas from Fife and Bathgate. Such compositions may therefore 
feasibly be regarded as primary magmas, although it was concluded from the 
MgO contents (section 5.7) that they could only be described as primary 
magmas if the mantle source was relatively Fe-rich. Whether the Fife and 
Bathgate lavas as well as some of the ankaramites represent primary magmas 
or not, there can be little doubt that these samples represent the most 
primitive lavas in the volcanic suite and if fractionation of olivine has occurred, 
it has had relatively little effect on the Ni concentrations of these lavas. 
6.2.2. Cr 
Fig. 6.1b shows the variation in Cr with MgO in the Dinantian samples. 
Cr exhibits similar behaviour to Ni, ranging from high values in the basalts 
(approaching 1000 ppm), to a minimum in the trachytes and rhyolite (< 10 
ppm). A large amount of inter-regional scatter is also visible: some of the 
Limerick basalts again being distinct, with low Cr despite high MgO (8.5-10.5%, 
cf. Fig. 6.1a). - 
The pronounced decrease in Cr concentration in the more evolved rocks 
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may be attributed to fractionation of clinopyroxene and possibly Cr-spinel. 
Many of the high-Cr samples, particularly from Arran (400-950 ppm), are 
ankaramitic, although microphyric lavas from Fife and Bathgate also have 
between 100 and 700 ppm Cr. These values appear to be indicative of the 
most primitive near-liquid compositions. 
6.2.3. V 
Fig. 6.2a shows the variation in V with MgO. V concentration gradually 
decreases from the basalts to the trachytes and rhyolite. This may be 
attributed to fractionation of Fe-Ti oxides and clinopyroxene, since V may be 
expected to substitute for Fe 3 and Ti4 in such fractionating phases (Basaltic 
Volcanism Study Project, 1981; Martin, 1985). 
Two trends are visible in Fig. 6.2a in the basalts and basaltic hawailtes. 
The main trend is from c. 13% MgO to lower values, where V is buffered 
between 200-350 ppm until c. 5% MgO, at which point V decreases sharply. 
The second trend is from V concentrations as high as c. 500 ppm, where V 
shows a pronounced decrease over a relatively narrow range of MgO (6-4%). 
This second trend mostly includes samples from Lochwinnoch, Little Cumbrae, 
Bute and the Kilpatrick Hills. Such regional variations in V concentration may 
reflect regional differences in fractionating phenocryst assemblages and 
proportions of such phenocrysts (Chapter 5) or variations in the V 
concentration of the mantle source. Extreme depletion in V in the benmoreite 
to trachyte range (Fig. 6.2a) appears to suggest prolonged Fe-Ti oxide 
fractionation, and is consistent with petrographic evidence. 
6.2.4. Sc 
Sc also decreases in concentration from basaltic rocks (generally 35-40 
ppm but reaching up to 50 ppm) to rhyolite (below detection limit; Fig. 6.2b). 
Sc behaves in a similar manner to V, being buffered in the basic rocks with > 
6% MgO, but decreasing more sharply in the more evolved rocks. The 
observed buffering (Fig. 6.2b) in the basaltic rocks may reflect crystallisation of 
both olivine and clinopyroxerie since Sc is incompatible in olivine but 
compatible in clinopyroxene (Basaltic Volcanism Study Project, 1981; Martin, 
1985). The change in gradient at c. 4% MgO may reflect the onset of Fe-Ti 
oxide fractionation and is comparable with the trend observed in Fe2O3  (Fig. 
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6.2.5. Cu 
Cu behaves as a compatible element throughout the compositional 
range (Fig. 6.3a). Cu concentrations in the basic rocks are generally < 100 
ppm although a few approach 200 ppm. Cu is commonly below detection limit 
in the trachytes and rhyolite. Irving (1978) found the distribution coefficient for 
Cu in Ca -pvroxene to be 1.5-2.4. This suggests that Cu variation in the 
Dinantian rocks may be a function partly of clinopyroxene fractionation. Cu 
sulphide separation may also have resulted in Cu depletion. Since Cu 2 may 
substitute for Mg 2 (Martin, 1985), olivine fractionation may additionally have 
been responsible for the decrease in Cu concentration in the more evolved 
samples. Some geographical variations in Cu concentration for a given MgO 
content are distinguishable and may reflect regional differences in proportions 
of fractionating phenocrvsts or variations in source composition. 
6.2.6. Zn 
Zn is variable in concentration and the correlation with MgO, shown in 
Fig 6.3b, is very poor. Basaltic rocks have up to 1400 ppm Zn, but most appear 
to be buffered at 100 ppm Zn. The trachytes have the lowest concentrations 
(commonly < 50 ppm). The rhyolite has a higher concentration of Zn than the 
trachytes (318 ppm). The apparent buffering of Zn in the basic rocks may be a 
function of olivine + clinopyroxene 4-  spinel fractionation. Zn 2 substitution into 
olivine may have led to the eventual depletion of this element in the trachytic 
compositions. In addition, sulphide separation may have affected Zn 
concentrations in some samples. 
6.2.7. Sr 
Variation in Sr against MgO is shown in Fig. 6.4a. There is a prominent 
change in the trend at c. 4% MgO, with Sr showing incompatible behaviour in 
compositions with > 4% MgO, but behaving compatibly in more evolved rocks. 
The petrographic evidence for fractionation of dominantly olivine + 
clinopyroxene + spinel phenocrysts in the most basic rocks is consistent with 
the apparent incompatibility of Sr in these samples. In the basaltic hawaiites 
and particularly hawaiites (< 4% MgO), plagioclase becomes an important 
phenocryst phase in most regions (Figs. 3.1a,b,c). Separation of plagioclase 
appears to have caused the depletion in Sr in the residual magmas (K0 Sr 
in basic rocks = 2.2, in acid rocks = 4.4: Cox et al, 1979). Fractionation of 
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anorthoclase and sanidine in the evolved rocks (benmoreite and trachyte) may 
have resulted in further depletion of residual melts in Sr (K0 Sr" = 4: Cox 
et al, 1979). The rhyolite has the lowest concentration of Sr in the suite (10 
ppm). 
6.2.8. Rb 
Rb variation against MgO is displayed in Fig. 6.4b. Rb behaves as an 
incompatible element throughout the range of MgO concentrations and shows 
a coherent trend with more pronounced increase in samples with < 2% 
MgO. Rb reaches 175 ppm in the trachytes. The rhyolite specimen (GC7) has a 
concentration of 396 ppm Rb. This is far in excess of the trachyte 
concentrations and indicates a compositional gap between trachyte and 
rhyolite. 
6.2.9. Zr and Nb 
Zr and Nb also behave as incompatible elements (Fig. 6.5a,b). Both 
increase steadily throughout the range from basalt to benmoreite, with a more 
pronounced increase in the trachytes (approaching 1500 ppm Zr and 160 ppm 
Nb). The rhyolite has much higher concentrations of Zr and Nb than any of the 
trachytes (2476 ppm Zr and 516 ppm Nb). 
6.2.10. Ba 
Ba shows a wide range of concentrations at all values of MgO (Fig. 6.6a). 
It is buffered or shows a slight increase (albeit with much scatter) with 
decreasing MgO in the basalt to benmoreite range. Trachytic and rhyolitic 
samples have lower Ba concentrations, probably due to the onset of sanidine 
phenocryst fractionation in these evolved rocks (K 0 Ba )/'l = 6: Cox et aI 
1979). 
6.2.11. Pb 
Fig. 6.6b shows the variation in Pb with MgO. Little variation is seen in 
the basaltic rocks (Pb commonly < 5 ppm). The maximum range of Pb 
concentrations occurs at c. 4.5% Mg and the increase in Pb in the trachytic and 
rhyolitic rocks indicates a continuing tendency for incompatibility of this 
element throughout the spectrum of rock compositions. Sulphide separation 
may have affected Pb concentrations and some of the high values of Pb may 
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be due to secondary alteration. 
6.2.12. La, Ce, Nd and V 
All these elements (Figs. 6.7a,b; 6.8a,b) show incompatible behaviour 
throughout the compositional range from basalt to trachyte. The most 
pronounced increase is seen in the trachytes (as is the case with Rb, Zr and 
Nb). The rhyolite specimen on the other hand, has much lower La, Ce and Nd 
concentrations than the trachytic samples (19, 96 and 31 ppm respectively), 
whereas V is much higher (238 ppm). 
6.213. Discussion 
Of the trace elements .considered, some (e.g. Ni, Cr, V. Sc and Cu) exhibit 
clear compatible behaviour and their concentrations may be adequately 
explained by fractionation of. the observed phenocryst phases. The behaviour 
of these trace elements in general mirrors the variations observed in major 
element compositions. Some trace elements display clear incompatible 
behaviour throughout the range from basalt to trachyte (e.g. Rb, La, Ce, V. Zr, 
Nb). Other elements such as Pb and Zn show variable behaviour and 
non-coherent trends. In addition, compatibility of some elements changes 
significantly due to the incoming or outgoing of phenocryst phases: both Ba 
and Sr for example are only compatible in the more evolved rocks due to the 
onset of sanidine and plagioclase fractionation. 
Variation diagrams plotted against MgO appear to demonstrate that the 
Dinantian suite forms a cogenetic group related by crystal fractionation 
processes. Many of the elements show inter-regional variations in 
concentration which suggest that different regions evolved along distinct liquid 
lines of descent. This is in agreement with evidence from major element data. 
However, the compositional gap observed between the trachytes and the 
rhyolite in Rb, Zr, Nb and V. as well as in the LREE (light rare earth elements), 
presents a problem if the two groups are to be related by crystal fractionation. 
The fractionation process would involve an increase by a factor of 1.5 to 2.5 in 
the concentrations of Rb, Zr, Nb and V as well as a decrease in La, Ce and Nd 
to produce rhyolite from the average trachyte. The feasibility of this is 
discussed further in section 6.4. 
Since the compatible trace elements appear to be dominantly controlled 
by fractional crystallisation, any primary processes (such as variable degrees of 
partial melting or variable source compositions) are likely to have been 
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overprinted. In order to investigate such primary processes therefore, the 
remaining discussion involves only the incompatible trace elements. In 
addition, much of the discussion will concern data which have been screened 
from the effects of protracted crystal fractionation by the inclusion of only 
samples with > 4% MgO. Whilst it is not intended to suggest that such 
compositions represent primary magmas, it is hoped that fractionation will have 
had only a minor effect on incompatible elements and element ratios. 
6.3. Normalised incompatible element diagrams 
Large ion lithophile elements (LILE) and high field strength elements 
(HFSE) are plotted in order of increasing compatibility and are normalised to 
chondrite and primitive mantle after the normalisation scheme of Thompson 
(1982). 
6.3.1. An example from Kintyre 
Fig. 6.9 displays the normalised concentrations of six basaltic samples 
and one trachyte from Kintyre. Four of the basalts (KT147, KT155, KT171, 
KT173) show similar trends with pronounced incompatible element enrichments. 
The humped profiles of these basaltic samples with peaks at Nb and relative 
depletion in K, Ba and Rb is typical of many intraplate alkali basalts (e.g. 
Thompson, 1982; Norry and Fitton, 1983; Fitton and Dunlop, 1985). The 
negative Sr anomaly is a common feature in the basic rocks (> 4% MgO) of 
Kintyre as well as the rest of the province (section 6.3.2). 
The narrow range of normalised V concentrations in these four basaltic 
samples is worthy of note (Fig. 6.9). The fact that each profile tends to splay 
out from the narrow V range with larger ranges of the LILE suggests that 
varying degrees of partial melting of a common source may have generated 
the observed differences (Gast, 1968; Kay and Gast, 1973). The profiles are 
almost identical apart from minor variations in Rb and Ba. Since these are 
highly mobile elements, the variations may be explained by secondary 
alteration. 
The Kintyre basaltic rocks have been chosen as an example of the range 
of normalised incompatible element profiles observed in a single region in the 
Dinantian province. In fact, the Kintyre region is rather atypical of the rest of 
the province since two basaltic samples have normalised incompatible element 
profiles which are dissimilar from the four samples previously described. Fig. 












































• 0 . 
KT 147 
I 	/ 




I 	I 	I 	1 	I 	I 	 I 	I 
Rb Ba K Nb La Ce Sr Nd P Zr Ti Y 
Fig. 6.9. Normalised incompatible element profiles for selected rocks from 
Kintyre. KT147, KT171, KT155 and KT173 are alkali basalts, KT183 is a trachyte, 
and KT157 and MV261 are low-K tholeiltes. Trace element concentrations are 
normalised to chondrite and primitive mantle after the scheme of Thompson 
(1982). 	 . 	 . 	 0 
142 
dykes at Machrihanish which intrude basaltic lava flows. As such, it is of 
unknown age (section 2.2.1) and a Tertiary age remains a possibility for this 
dyke. It may therefore be unrelated to the typical alkaline magmatism as 
represented by KT147, KT155, KT171 and KT173. However, MV261 is a low-K 
thoteiite flow (Macdonald, 1975; 1980) which outcrops at the base of the lava 
pile near Machrihanish and as such has to represent one of the earliest 
eruptive episodes of the Dinantian magmatism in Kintyre. The fact that the two 
samples are chemically similar suggests that they are genetically related, and a 
Carboniferous age has therefore been assumed for KT157. 
In sample MV261, the concentrations of La, Ce, Nd and Nb are so low 
that XRF precision may be suspect for these elements. For this reason, the 
REE data for 'the MV261 profile (Fig. 6.9) have been taken from an analysis 
carried Out by R. Macdonald (unpubl. data) by INAA. Although the Nb 
concentration is also suspect, the magnitude of the negative anomaly in Nb for 
MV261 is greater than analytical error and is therefore believed to be real. 
The two profiles (KT157 and MV261) show striking similarity. Both have 
much lower concentrations of incompatible elements than the typical Kintyre 
basalts; MV261 is depleted in incompatible elements relative to Y. The most 
notable feature in both profiles is the negative Nb anomaly which is in direct 
contrast to the observed trends in the other four Kintyre basalts. MV261 has a 
normalised profile resembling MORB (mid-ocean ridge basalt) in its relative 
depletion in LILE, but the negative Nb anomaly is uncharactistic of MORB. 
Matthey at al. (1977), Thompson at al. (1980) and Thompson (1982) 
described some of the Preshal Mhor basalts of Skye as having affinities with 
MORB. These basalts were attributed to further limited partial melting of a 
lherzolitic residuum left after initial partial melting of the Skye Main Lava Series 
magmas from the same volume of mantle. Macdonald (1975) highlighted the 
similarity between the Kintyre low-K tholeiite and some of the Preshal Mhor 
basalts. The major deviation however between Kintyre and Prestial Mhor 
basalts is the observation of the negative Nb anomaly in the former. It is 
believed therefore that the Kintyre rocks were not derived from a source similar 
to that responsible for the Skye Tertiary lavas. 
The overall relative depletion in incompatible elements in MV261 
suggests that the magma source was itself depleted. In addition, large degrees 
of partial melting appear necessary in order to explain the lack of incompatible 
element enrichment (Gast, 1968). The possibility that the low-K tholeiites were 
derived from the same source as the four typical alkali basalts simply by 
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variable degrees of partial melting is believed untenable since this fails to 
explain the pronounced negative Nb anomaly in the low-K tholeiites. 
Negative Nb anomalies in normalised incompatible element diagrams 
have commonly been observed in subduction-related magmas (e.g. Weaver and 
Tarney, 1983; Smedley, 1986) as well as continental flood tholeiites (e.g. Cox, 
1983). In subduction-related magmatism, negative Nb anomalies have been 
attributed to retention of a Nb- (and Ta-) bearing phase, such as spherie, rutile 
or perovskite, during partial melting of a hydrous mantle source region (e.g. 
Thompson et al. 1983; Weaver and Tarney, 1983). Many continental flood 
tholeiites are considered 'to be mantle-derived basic magmas contaminated by 
continental crust (e.g. Carlson et al. 1981; Mahoney et al. 1982; Dupuy and 
Dostal, 1984). Others have attributed the observed trace element and isotopic 
compositions of continental flood basalts to derivation from lithospheric mantle 
(e.g. Brooks et a/., 1976; Hawkesworth et al. 1983). This lithospheric source 
has frequently been described as enriched in incompatible elements (e.g. 
Hawkesworth et a!, 1983). 
The main problem in relating the tow-K tholeiites of Kintyre to 
continental flood basalts with negative Nb anomalies is that the latter tend 
commonly to be enriched in LILE (as would follow from either partial melting of 
a trace element enriched lithospheric source or assimilation of the fusible 
components from the continental crust (see Thompson et a!, 1983, Fig. 7)). The 
Kintyre specimen MV261 is, however, depleted in the incompatible elements 
relative to V. and therefore derivation from ancient enriched lithosphere is 
precluded. Similarly, the relatively low concentrations of LILE also suggest 
(although do not prove) that crustal contamination has not had a significant 
role in the genesis of these magmas. The lack of isotopic data for these 
samples however, make these interpretations tenuous. Perhaps it should 
suffice to say that whatever the origin of the Kintyre low-K tholeiites, they 
must be the products of large-degree melting of an incompatible 
element-depleted mantle source. Since there is no evidence that the low-K 
tholelites were derived under elevated water pressures akin to conditions 
prevalent during subduction-related magmatism, it appears more likely that the 
observed negative Nb anomalies in these rocks reflect either the low Nb 
concentrations of their mantle source or contamination by continental crust 
(Dupuy and Dostal, 1984). The Kintyre low-K tholeiites will be discussed further 
in section 6.5.2. 
Fig. 6.9 also shows a Kintyre trachyte (KT183) for comparison. This 
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specimen shows an overall greater normalised enrichment in all elements 
except Sr. P and Ti. The trachyte composition may readily be explained by 
extreme fractional crystallisation from a Kintyre alkali basalt parent. The large 
negative anomalies observed in the profile may be explained by fractionation of 
alkali feldspar (Ba), plagioclase (Sr), apatite (P) and Fe-Ti oxides (Ti). 
6.3.2. Regional mean compositions 
Although the Kintyre example is unusual in its range of normalised 
incompatible element abundances, the range of compositions within the four 
alkali basalt samples alone is quite large. In order to facilitate data reduction 
and to make regional comparisons easier, means of normalised incompatible 
elements for basaltic rocks with > 4% MgO have been calculated (for Kintyre, 
the low-K tholeiites have been excluded due to their atypical nature). It is 
hoped that taking means of samples has helped to minimise the deviations 
produced by variable degrees of partial melting and crystal fractionation within 
each region. - 
Normalised profiles are presented as regional mean compositions in 
Figs. 6.10, 6.11 and 6.12. The intention of the profiles is to present 
inter-regional comparisons of incompatible elements in a concise form in order 
to test the hypothesis of Macdonald (1980) that the mantle source for the lavas 
was regionally heterogeneous. 
Fig. 6.10 displays profiles for basaltic rocks from the Eastern Midland 
Valley (Fife. Bathgate, Holyrood Park and East Lothian) as well as the Firth of 
Clyde and Kintyre lavas. All the trends show striking similarity, with strong 
incompatible element enrichments, peaks at Nb and relatively constant Y 
concentrations. The profiles for East Lothian and Bathgate show a peak at Ba. 
None of the Holyrood Park, East Lothian or Bathgate profiles displays 
any negative Sr anomaly, in contrast to the Fife profile. Plagioclase 
phenocrysts are rare or absent in the lavas with > 4% MgO in all four of these 
regions. It is highly improbable that the negative Sr anomaly observed in the 
Fife profile is the result of plagioclase fractionation and therefore most likely 
reflects depletion in Sr in the mantle source. 
The samples most enriched in incompatible elements in Fig. 6.10 are 
from the Bathgate Hills, where Nb approaches 100 times chondrite. In these 
lavas, a pronounced negative K anomaly is observed. This is apparently a 
common feature in Si-undersatu ratedbasic magmas (e.g. Thompson et a!, 
1972; Fitton and Dunlop, 1985) and has frequently been attributed to retention 
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of a K-bearing phase (e.g. phlogopite or K-rich amphibole) in the source 
reservoir during low degrees of partial melting. 
The negative Zr anomaly observed in the East Lothian profile is unusual. 
East Lothian basalts are consistently Zr-poor relative to other regions (see Figs. 
6.21, 6.22a,b). Variable degrees of partial melting or crystal fractionation of 
observed phenocryst phases cannot account for this anomaly and the 
interpretation must be that either Zr was less abundant in the sub-East Lothian 
mantle or Zr was retained in a restite phase (such as zircon) during melting. 
Lavas from the Firth of Clyde and Kintyre (Fig. 6.10) show very similar 
normalised trends. All show maximum concentrations in Nb, very little 
variation in V and a negative Sr anomaly. In all these lavas except Arran, 
plagioclase occurs as a phenocryst phase in the basaltic rocks and fractionation 
of this phase may therefore explain the negative Sr anomaly. However, since 
Arran basalts also have a negative anomaly despite having no plagioclase 
phenocrysts, the most logical interpretation is that the Sr concentrations of 
these lavas reflect those of the mantle source. It is possible that both factors 
have made a contribution to the observed Sr concentrations in Fig. 6.10, 
however. 
Normalised profiles for Clyde Plateau lavas are displayed in Fig. 6.11. 
The trends are notably similar to those of the Eastern Midland Valley and Firth 
of Clyde. Profiles may in general be explained by variable degrees of partial 
melting of a homogeneous mantle source. The most incompatible element 
enriched profile is that of the Ayrshire and Renfrewshire lavas (Fig. 6.11) and 
this again displays a negative K anomaly, consistent with retention of a 
K-bearing phase for the lowest degrees of melting. 
Fig. 6.12 displays normalised profiles for basaltic rocks from Ireland, the 
Scottish Borders and Cumbria. All are enriched in incompatible elements and 
have negative Sr anomalies. Samples from Ballycastle have a large positive K 
anomaly. This may reflect source region heterogeneity although it must be 
noted that the profile represents a mean of only two samples. Limerick basalts 
have a large positive P anomaly (see also Fig. 6.19a). Since fractionation of 
apatite is not believed to have occurred, it is possible that these high P 
concentrations may reflect melting of a mantle source which was enriched in 
this element. 
Lavas from the Scottish Borders and Cumbria show some minor 
variations in e.g. K, Sr, Nd, P. Zr and Ti although the overall trends are 
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which is very similar to those of the rest of the province, but with lower 
degrees of enrichment. This can easily be explained by larger degrees of 
partial melting of a source region similar to that which produced the basalts of 
the Scottish Borders and Midland Valley. 
Normalised trace element trends given by Macdonald et al. (1984) for 
Derbyshire Dinantian basalts and by Macdonald and Walker (1985) for lavas 
from Cockermouth show very similar trends to those displayed in Figs. 
6.10-6.12. 
Regional means of normalised incompatible elements for basic rocks 
with > 4% MgO reveal much information about the nature of the mantle 
source for the British Dinantian lavas. The contention of Macdonald (1980) that 
the mantle source was regionally heterogeneous appears to be only partly true: 
many regions (e.g. the Clyde Plateau, Firth of Clyde and Kintyre) show great 
consistency in normalised incompatible element trends, such that they may be 
adequately explained by varying (or in some cases identical) degrees of partial 
melting of a homogeneous source. However, some minor differences such as 
the negative Zr anomaly in the East Lothian basalts, negative P anomaly in 
Ayrshire and Renfrewshire lavas and the positive P anomaly in Limerick basalts 
suggests that there were minor mineral/chemical variations in the mantle 
sources of these rocks. The common occurrence of the negative Sr anomaly in 
almost all profiles, despite some samples containing no plagioclase 
phenocrysts suggests that at least in part, the depletion in Sr is a function of 
the mantle source rather than secondary fractionation of plagioclase 
phenocrysts. This is substantiated in Fig. 6.4a, where it is clear that Sr only 
becomes a compatible element in rocks with < 4% MgO (which have been 
excluded from the regional mean profiles). Similarly, any regional anomalies in 
P and Ti in Figs. 6.10-6.12 are believed to represent primary processes rather 
than fractional crystallisation since apatite and titanomagnetite/ilmenite 
phenocrysts do not appear to fractionate in rocks more basic than hawaiite. 
The narrow range in normalised Y concentrations observed in Figs. 
6.10-6.12 suggests that garnet was a component phase in the mantle source of 
the Dinantian basaltic rocks. In regions characterised by the highest 
enrichments in incompatible elements (e.g. the Bathgate Hills, Ayrshire and 
Renfrewshire), a pronounced negative K anomaly is observed. The best 
explanation appears to be that for the smallest-degree melts, a K-rich phase 
(probably ptilogopite) was retained in the source, but was consumed in 
larger-degree melts (cf. Macdonald, 1980, who also postulated that phlogopite 
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may have been an important accessory phase in the sub-Midland Valley 
mantle). 
Although the mean incompatible element trends show some minor 
regional variations, these inconsistencies may be regarded as simply 
small-scale anomalies overprinting an overall common profile. This profile is 
incompatible element enriched and humped with a pronounced peak at Nb. 
The Dinantian lavas are therefore good examples of typical intraplate alkali 
basalts and compare closely with oceanic island basalt data (e.g. Norry and 
Fitton, '1983; Fitton and Dunlop, 1985; Fitton and James, 1986). The low-K 
tholeiites of Kintyre are an unusual exception. 
6.4. Rare earth elements 
REE concentrations were determined for 50 Scottish Dinantian samples. 
All REE analyses have been normalised to chondrite after Nakamura (1974). In 
Appendix IV, the second •set of REE data in each column refers to 
chondrite-normalised values for each sample. 
Fig. 6.13 shows the chondrite-normalised REE abundances of some 
samples from Holyrood Park and East Lothian. All samples display LREE (light 
rare earth element) enrichment. Trends are generally smooth apart from minor 
anomalies in Pr and Ho which may result from analytical error. Samples from 
Holyrood Park include five basalts (H24, H22, HS155, H39, H29) and one 
mugearite (S71662). The progressive, regular increase in normalised 
abundances of all the REE with little change in gradient coincides with regular 
decrease in MgO (9.4-1.5%), Ni (194-4 ppm) and Cr (513-3 ppm) in these 
samples. The variations are readily explained by fractional crystallisation (of 
olivine + clinopyroxene + plagioclase + spinel). 
SamPles from East Lothian include two basalts (L3, L19), two hawaiites 
(L88, L96), one mugearite (L86) and three trachytes (180, 187, BASS). The 
sample which shows the lowest degree of LREE enrichment is basaltic (0), 
whilst the sample most enriched in LREE is mugearitic (L86), as was the case in 
lavas from Holyrood Park. There appears to be progressive enrichment in REE 
from the basic to intermediate rocks, whilst the trachytic rocks reveal a 
non-parallel trend, being less enriched in LREE and more enriched in HREE 
(heavy rare earth elements) than the more basic members. Fractional 
crystallisation of apatite may be responsible for this trend (apatite is observed 
as a phenocryst phase in the mugearitic-trachytic rocks). Nagasawa (1970), 
Nagasawa and Sctinetzler (1971) and Cox at al. (1979) have reported high 
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distribution coefficients for REE in apatite in acid igneous rocks. Moreover, 
LREE appear to have higher distribution coefficients than HREE in this phase. 
Fractionation of apatite would therefore be expected to cause greater depletion 
in LREE than HREE. This may explain the observed changes in gradient in the 
trachytic rocks of East Lothian (Fig. 6.13). 
Fig. 6.14 displays REE patterns for samples from Strathaven and Kintyre. 
Basalts from Strathaven (HS128, HS76, CP136, CP125) show steady progressive 
increases in LREE enrichment. CP132 is a hawalitic rock with higher 
concentrations of LREE. HBL is a hornblende-phyric hawaiitic rock which 
shows pronounced LREE and HREE enrichment, although the MREE (middle rare 
earth elements) have lower concentrations. Nagasawa and Schnetzler (1971) 
gave REE distribution coefficients for hornblende in acid igneous rocks and 
showed that of all the REE, the MREE (with the exception of Eu) had the highest 
K0 values. Hanson (1978) showed that fractionation of hornblende may deplete 
a residual magma in the MREE. Crystal fractionation may therefore explain the 
observed variations in REE abundance in the Strathaven rocks, although it must 
be noted that these rocks have been collected from a large area and are 
unlikely to represent a single liquid line of descent. 
Volcanic rocks from Kintyre shown in Fig. 6.14, comprise three basalts: 
KT181, KT160, KT171; the latter two are ankaramitic. Sample KT183 is a 
trachyte showing similar concentrations of LREE but much higher 
concentrations of HREE. This is similar to the trends observed in the East 
Lothian samples (Fig. 6.13) and may be readily explained by fractionation of 
apatite. This is substantiated by petrographic evidence. 
Figs. 6.15 and 6.16 display REE data for samples from the northern Clyde 
Plateau, Firth of Clyde, Bathgate Hills and Fife. All trends are notably similar 
and show clear LREE enrichments for the basaltic rocks. Small variations in 
REE concentrations may be attributed to varying degrees of partial melting and 
crystal fractionation. Small anomalies in Ho and Pr are believed to reflect 
analytical errors. 
Data for basaltic and hawaiitic samples from the Scottish Borders: Kelso 
and Kershopefoot are displayed in Fig. 6.17. These are LREE enriched and some 
show a minor positive Eu anomaly. Such anomalies have commonly been 
attributed to plagioclase accumulation. although the samples presented in Fig. 
6.17 are not densely plagioclase-phyric. Melting of a source region enriched in 
plagioclase is a possibility but since plagioclase is unstable above pressures of 
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Fig. 6.13. Chondrite-normalised abundances of REE for individual samples 
from Holyrood Park and East Lothian. Data normalised after Nakamura (1974). 
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Fig. 6.14. Chondrite-normalised abundances of REE for individual samples from 
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Fig. 6.15. Chondrite-normalised abundances of REE for individual samples from 
the northern Clyde Plateau and Firth of Clyde. Data are normalised after 
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La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu 
Fig. 6.16. Chondrite-normalised 'abundances of REE for samples from the 





















La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu 
Fig. 6.17. Chondrite-normalised abundances of REE for samples from Kelso and 
Kershopefoot. Data are normalised after Nakamura (1974). 
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unlikely. The trace element data (discussed more fully in section 6.5.1) are 
more consistent with derivation of the Kelso and Kershopefoot magmas from a 
garnet-bearing lherzolite source region. Leeman (1976) described positive Eu 
anomalies in some Snake River Plain basalts as the result of partial melting of 
a spinel lherzolite or clinopyroxene-rich mantle source region, leaving residual 
clinopyroxene (which presumably excluded Eu 2 : Cox et a/. 1979; p351). 
Fractional crystallisation of clinopyroxene may have produced the slight 
positive Eu anomaly observed in lavas from the Scottish Borders, and the 
effects of variations in concentrations of clinopyroxene in the mantle source 
region may have had an effect, but it must also be borne in mind that 
analytical precision for Eu is 0.02 (20: Walsh et al. 1981 and Appendix V) and 
the observed Eu anomalies may therefore simply reflect analytical error. 
Fig. 6.18a shows the parameter Eu/Eu*  for all analysed samples against 
MgO, where Eu*  is the predicted concentration of Eu extrapolated from the 
concentrations of the neighbouring REE (Philpotts and Schnetzler, 1968). A 
Eu/Eu* value of unity will therefore give no Eu anomaly. 
The analysed range of compositions from basalt to mugearite all show 
Eu/Eu* values greater than or equal to unity with relatively little variation. The 
trachytic rocks in Fig. 6.18a display a slight fall in the value of Eu/Eu*  (down to 
0.79 in sample L80) and the lowest value of Eu/Eu*  is observed in the rhyolite 
(GC7: 0.076). 
Negative Eu anomalies have been attributed to fractional crystallisation 
of plagioclase since, under reducing conditions, Eu may occur in the divalent 
state and during crystallisation may readily exchange for Sr 2 and Ca 2 (Weill 
and Drake, 1973; Drake, 1975). Thus, Eu may behave compatibly in contrast to 
its neighbouring trivalent REE when plagioclase is a liquidus phase. The 
interpretation of the lack of negative Eu anomalies in the basalt-mugearite 
range may be therefore interpreted in two ways: (1) that plagioclase 
fractionation has not been significant in these rocks. Whilst this is certainly 
true of many of the basalts, it is at variance with major and trace element data 
for samples in the basaltic hawaiite to mugearite range, which indicate the 
importance of plagioclase fractionation in these samples. However, the fact 
that negative Sr anomalies in some basic rocks (section 6.3.2:) were difficult to 
relate to plagioclase fractionation may be compounded with the observed lack 
of Eu anomalies to suggest that low Sr concentrations in the Dinantian samples 
are a feature of the mantle source rather than secondary crystal fractionation 
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in a magma which has plagioclase on the tiquidus if the oxygen fugacity of the 
magma is high (Drake, 1975). In this case, Eu will be trivalent and will be 
excluded from the plagioclase crystal lattice. This feature may also have 
contributed to the REE compositions of the Dinantian magmas. 
The development of the slight negative Eu anomaly in the trachytes 
likewise may be interpreted in two ways: (1) that either oxygen fugacity 
became much lower in the evolved magmas such that Eu underwent a valency 
change and became compatible in the fractionating feldspar or (2) that much 
more pronounced feldspar fractionation (of both plagioclase and alkali feldspar) 
was occurring in the trachytes. The abundance of sub-solvus two-feldspar 
trachytes appears to indicate high pH20 conditions in many of these rocks and 
therefore petrographic evidence appears to preclude the first possibilty. 
The interpretation of Fig. 6.18a therefore is that magmas were generally 
oxidising and that in the basalts at least, plagioclase was not a dominant 
fractionating phase. Feldspar fractionation was, however, important in the 
trachytes and led to the eventual depletion in Eu in these evolved rocks. 
Fig. 6.18b displays two normalised REE profiles for evolved rocks from 
the Eildon Hills, Scottish Borders. Sample HS54 is a trachyte; GC7 is a rhyolite. 
The trachyte is LREE enriched with a relatively smooth REE pattern (and slight 
negative Eu anomaly). It is similar to REE patterns of the other analysed 
trachytes from the Midland Valley and is therefore easily explained by fractional 
crystallisation of parent basaltic magmas. The rhyolite is significantly different. 
It has a pronounced LREE depletion and HREE enrichment relative to the 
trachyte, and has a large negative Eu anomaly (cf. Fig. 6.18a). The origin of this 
REE profile is problematic. Several possibilities have been investigated, such as 
fractional crystallisation, alteration, incremental melting, crustal melting and 
volatile transfer in acidic magmas. 
In order to explain the observed REE trend by fractional crystallisation of 
the trachytic magma (HS54), the fractionation scheme requires a phase or 
phases which have low K 0 values for the HREE, high K0 values for the LREE and 
a very high K0 value for Eu. REE, especially the LREE, have very high KID  values 
in apatite, and this phase may feasibly have caused the depletion in LREE in 
GC7 relative to HS54. However, K 0 values for HREE in apatite are also >> 1 in 
acid magmas (Nagasawa, 1970; Nagasawa and Schnetzler, 1971), such that 
fractionation of apatite would result in depletion in all the REE. In addition, 
since apatite tends to have a negative Eu anomaly in such acid magmas 
(Hanson, 1978), a - positive Eu anomaly would result from its fractionation. 
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Using the Rayleigh fractional crystallisation equation: 
Cl/Co = F101 
where Co is the composition of the initial liquid, Cl is the composition of the 
residual liquid, F is the fraction of liquid remaining and 0 is the bulk 
distribution coefficient, the amount of apatite required to generate the observed 
LREE depletion relative to HS54 may be calculated. Using K 0 values for apatite 
from Nagasawa (1970: mean of 4 samples, Table 4), the observed Ce and Nd 
concentrations may be produced by fractionation of 1% apatite. However, this 
does not account for the prominent negative Eu anomaly. If fractionation is to 
produce the REE pattern of GC7, the only phase likely to produce the observed 
Eu concentration is feldspar. Since sanidine is an observed phenocryst phase 
in the trachytes, it follows that this may be responsible for the observed 
compositions. In order to generate the observed HREE concentrations in 
sample GC7, removal of > 80% sanidine or anorthoôlase phenocrysts is 
required (using K 0 values for K-feldspar from Schnetzler and Philpotts, 1970 
and for anorthoclase from Sun and Hanson, 1976). This however, can still not 
account for the magnitude of the Eu anomaly and of course does not generate 
any relative LREE depletion. Fractionation of compound assemblages e.g. 
sanidine + apatite cannot reasonably produce the concentrations of all the REE, 
neither can fractionation of other phases such as pyroxene or amphibole 
(significant fractionation of clinopyroxene would cause a LREE enrichment and 
amphibole would result in depletion of the MREE and production of a positive 
Eu anomaly: Hanson, 1978). 
An explanation in late-stage weathering processes seems equally 
unlikely since the REE are probably highly resistant to such alteration processes 
(e.g. Nance and Taylor, 1977). Nesbitt (1979) noted that subaerial weathering of 
granodiorite induced enrichment in all the REE, but especially the LREE. Wood 
et al. (1976) and Heilman and Henderson (1977) however, described spilitised 
and hydrothermally altered basalts which showed pronounced LREE 
enrichments relative to HREE during these processes. Clearly, if the observed 
REE trend of the Eildon Hills rhyolite is related to weathering, the process has 
been significantly different from that observed by Wood et al. (1976), Hellman 
and Henderson (1977) and Nesbitt (1979). Moreover, Nesbitt (1979) observed no 
development of a Eu anomaly in the altered granodiorite, in direct contrast to 
the pattern displayed by sample GC-7. In ii àse, ifâltèrtiflwas th cause 
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of the observed REE trend, it may be expected to have equally affected the 
Eildon Hills trachyte, a feature which is not observed. 
Incremental partial melting appears unlikely since, as pointed out by 
Mahood (1981), a common trend of enrichment or depletion should be apparent 
in successive melt increments. Incremental melting therefore appears 
incapable of accounting for the crossover of the REE in Fig. 6.18b. 
Crustal melting is another possibility for the origin of the Eildon Hills 
rhyolite. Taylor and McLennan (1985) have observed that the REE 
concentrations of sedimentary rocks vary slightly in magnitude but are 
extremely uniform in LREE/HREE enrichments, and have negative Eu anomalies. 
Lower-crustal components (granulites) are characterised by positive Eu 
anomalies and lower degrees of REE enrichment than observed in upper-crustal 
rocks (Taylor and McLennan, 1985; p79). It is extremely difficult to see how 
partial melting of such LREE enriched sources could give rise to the observed 
LREE depletion in sample GC7. In addition, Meighan (1979) has proposed that 
zircon, the principal phase containing Zr, will be a restite phase during crustal 
anatexis and that such melts would therefore have low concentrations of Zr. 
This is clearly not the case in the rhyolite (Fig. 6.5). 
Hildreth (1981) stated that every eruption of non-basaltic magma taps a 
thermally and compositionally zoned magma reservoir. The complex zoning, 
especially with respect to trace elements, often observed in rhyólitic magmas 
(e.g. Mahood, 1981; Leat et a/, 1984) was partly attributed by Hildreth (1981) to 
liquid state thermal diffusion and volatile complexing. Hildreth (1981) also 
suggested that this process was capable of generating pronounced 
compositional gaps in volcanic suites. Stolz (1985) proposed that volatile loss 
or addition could have been responsible for the highly irregular trace element 
contents of comenditic rhyolites from Nandewar Volcano, New South Wales. 
Leat et al. (1984) suggested that as a general rule, certain elements (e.g. 
Na, Cl, F, Nb, Pb, Rb, Th, Ta, U, V. HREE) were upward-concentrating in a zoned 
rhyolitic magma chamber, whereas others (e.g. Al, Mg, Ca, K, Ti, P, Ba, Cu, Sr) 
were always downward-concentrating. This was also suggested by Mahood 
(1981) who described compositional zonation in the Pleistocene Tala Tuft of 
Mexico, from a mildly peralkaline portion enriched in Nb, Rb, Cl, F, Zn, V. Zr, Hf, 
Nb, HREE, Pb, Th and U, to a metaluminous portion enriched in K, LREE, Sc and 
Ti (although no significant fractionation of Eu was observed). The chemical 
zonation in the Tala Tuff was attributed to transport of trace metals as volatile 
complexes within the thermal and gravitational gradient in volatile-rich magma 
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(Mahood, 1981). The process was noted to have had significant effect on trace 
elements but little effect on major element compositions and a pronounced 
crossover of the REE concentrations (i.e LREE to HREE concentrations) was 
observed between the two portions. It is possible, therefore, that volatile 
complexing may have been responsible for the observed trace element 
compositions of the' Eildon Hills rhyolite, and the Eildon Hills complex as a 
whole may have once resembled the product of a zoned trachytic/rhyolitic 
magma chamber akin to those described by Mahood (1981) and Leat et al. 
(1984). 
Whatever the origins of the observed REE patterns in the Eildon Hills 
rocks, there can be little doubt that the complex relates to the Lower 
Carboniferous volcanic activity elsewhere in the Scottish Borders and Midland 
Valley (De Souza, 1979, 1982, established a clear Dinantian age for extracted 
sanidines from the Eildon Hills trachytes by K/Ar dating) and the rhyolite and 
trachytes must be genetically related. Clearly, the Eildon Hills complex 
deserves further detailed sampling and petrochemical investigation. 
6.5. Inter-element diagrams 
In this section, some of the incompatible elements and element ratios 
are plotted against one another in order to ascertain the extent of 
inter-regional variation. Most of the discussion is concerned with the elements 
least mobilised by late-stage alteration, particularly the HFSE (Pearce and Cann, 
1973; Floyd and Winchester, 1975; Pearce and Norry, 1979). Due to the 
observed similarity in normalised incompatible element profiles of different 
regions from the Clyde Plateau (i.e. the Touch, Gargunnock, Fintry and Kilpatrick 
Hills, Campsie Fells, Ayrshire, Renfrewshire and Strathaven) and from the Firth 
of Clyde (i.e. Little Cumbrae, Great Cumbrae, Bute and Arran), all these samples 
have been amalgamated into two groups. 
Fig. 6.19a shows the variation in P20 5 with h02. Some distinct regional 
variations are apparent. In particular, the high P20 5 of the Limerick and some 
of the East Lothian samples is noteworthy (cf. the positive P anomalies in Fig. 
6.10 and 6.12 for these regions). The Cockermouth lavas have low P 205 and 
Ti02, as predicted by their q-normative character. Two samples from Kintyre 
(crosses) have the lowest concentrations of any basalts from the whole 
province: these are the two low-K tholeiites (MV261 and KT157) discussed in 
section 6.4.1. - 
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Fig. 6.19a,b. Regional variations in P 20 5 against Ti0 2 . and Rb/Sr against Ba/Sr 
for basaltic rocks with > 4% MgO. Clyde Plateau samples incorporate data 
from the Touch, :Gargunnock, Fintry and Kilpatrick Hills, Campsié Fells, Ayrshire 
and Renfrewshire and Ben Bowie. Firth of Clyde samples incorporate data from 
Bute, Arran, Little Cumbrae and Great Cumbrae. 
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may be suspect due to the mobility of Rb and Ba during alteration, but the 
diagram serves to illustrate the generally low Rb/Sr ratios (mostly < 0.07; 
samples MV261 and KT157 have Rb/Sr ratios of 0.013 and 0.036 respectively). 
Ba/Sr is generally < 1.3, but many of the East Lothian basic rocks have values 
higher than this (up to c. 2.8). 
Ce and Nd are plotted against V in Fig. 6.20. Both Ce and Nd show 
similar behaviour. In general, each region possesses a coherent curvilinear 
trend. Exceptions include the lavas from Ayrshire and Renfrewshire (Clyde 
Plateau) which show the highest concentrations of Ce and Nd of all regions 
and display a large amount of scatter. Also, the two Kintyre low-K tholeiites 
(crosses) are highly distinct, having the lowest Ce and Nd concentrations of the 
whole suite. 
Fig. 6.21 shows the variation in Ce and Ba against Zr. Again, curvilinear 
trends are apparent, with different regions displaying different gradients. In 
samples containing > 100 pp  Ce, the gradient of the trend for Clyde Plateau 
lavas increases significantly and the correlation is very poor. Both diagrams 
(Fig. 6.21) reveal that basaltic rocks from East Lothian have the highest Ce/Zr 
and Ba/Zr ratios, lavas from Fife, Bathgate, the Clyde Plateau (except Ayrshire 
and Renfrewshire), the Firth of Clyde and Kershopefoot, have intermediate Ce/Zr 
and Ba/Zr ratios, and lavas from the Scottish Borders (Birrenswark and Kelso) 
have the lowest ratios. The two Kintyre low-K tholeiites are distinct, having 
the lowest Ba, Ce and Zr concentrations. 
Zr against V. variation is shown in Fig. 6.22a. Regional variations are 
again apparent and the Kintyre low-K tholeiites plot well away from the main 
trends of the Dinantian province. 
One of the most effective diagrams for distinguishing regional variations 
in incompatible elements for the Dinantian rocks is that of Nb against Zr (Fig. 
6.22b). For samples with < 300 ppm Zr, the lavas from Fife, Bathgate and East 
Lothian have the lowest Zr/Nb ratios, whilst lavas from Kelso and Birrenswark 
have distinctly higher Zr/Nb ratios. The two Kintyre low-K tholeiites plot 
closest to the origin in Fig. 6.22b. Zr and Nb concentrations in the Clyde 
Plateau samples have a large range: in those with < 60 ppm Nb, a coherent 
curvilinear trend is apparent with a positive correlation between Nb and Zr. for 
samples with > 60 ppm Nb however, there is much more scatter and a slight 
negative trend is apparent. In order to investigate this, the Clyde Plateau group 
have been plotted in Fig. 623 for the same two elements; and different 
symbols have been used to differentiate between regions. Samples from all - - - 
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regions apart from Ayrshire and Renfrewshire form a tight cluster and positive 
correlation and no distinction can be made between them. Ayrshire and 
Renfrewshire lavas on the other hand, show a very large range of 
compositions: some fall within the trend formed by the rest of the group, two 
have very high Zr concentrations and the rest show a prominent negative 
correlation. 
A partial melting trend on this diagram would be represented by a 
curve, with smaller degrees of melting producing high Zr and Nb concentrations 
and larger degrees of melting producing lower concentrations. The positive 
correlation in Fig. 6.23 may therefore be interpreted as a partial melting trend 
with the Strathaven and Ayrshire and Renfrewshire samples representing the 
smallest-degree melts (compare Fig. 6.11). It is possible that fractional 
crystallisation of clinopyroxene (and olivine and plagioclase). has affected the 
Nb and Zr concentrations of the Clyde Plateau lavas to an extent, and a 
clinopyroxene fractionation trend has been included in Fig. 6.23. This trend has 
been calculated using distibution coefficient data given in Table 6.1 and the 
Rayleigh fractional crystallisation equation. Since K D  values for Zr and Nb are 
<< 1 in clinopyroxene, olivine and plagioclase, fractionation of these phases 
will cause increases in Zr and Nb. Moreover, no decrease in MgO, Ni or Cr is 
observed with increasing Nb and decreasing Zr in this trend and its origin is 
therefore problematic. Many of the samples composing this negative 
correlation are from Creuch Hill and Tourgill Burn in Ayrshire. The fact that 
samples from this region are relatively fresh suggests that the observed trend 
is not related to secondary alteration. It is therefore tentatively suggested that 
the Ayrshire and Renfrewshire lavas are either derived from a mantle source 
which is grossly heterogeneous in its Zr and Nb concentrations, or that the 
trend represents a mixing line. It is envisaged that the latter would involve 
mixing of a magma of the composition of the Clyde Plateau lavas (which must 
be either a small-degree melt or a magma which has undergone clinopyroxene 
+ olivine + plagioclase fractionation because of its inferred high Zr and Nb 
content) with an end-member which has higher Nb and low Zr. The nature of 
this latter end-member is however, completely unknown and since few isotopic 
data are available to elucidate the problem, the nature of the source region(s) 
for the Ayrshire and Renfrewshire lavas must remain open to question. 
Fig. 6.24 shows the variation in Ce/V with Zr/Nb for the Dinantian 
volcanic rocks. The inter-regional variations observed in Figs. 6.19-6.23 are 
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has been excluded since it has an extremely high Zr/Nb ratio (62). For a given 
Ce/V ratio, a continuum of Zr/Nb ratios is apparent, from the lowest values in 
Fife, Bathgate and East Lothian, through Holyrood Park, Clyde Plateau, Firth of 
Clyde and Kershopefoot, to the highest ratios in Kelso and Birrenswark lavas (in 
the Scottish Borders). Most regions display a curvilinear trend with a negative 
correlation. 
6.5.1. Partial melting and fractionation models 
Using incompatible element data for the Dinantian samples along with 
published distribution coefficients and partial melting/fractional crystallisation 
equations, the heterogeneous mantle model of Macdonald (1980) may be tested 
quantitatively. If alkali basalts are assumed to be relatively small-degree melts 
of a mantle source (Gast, 1968; Kay and Gast, 1973), then the melts should 
have high Ce/V and low Zr/Nb relative to their source. This is because Ce and 
Nb are the two most incompatible elements of the two ratios. In Fig. 6.24 
therefore, a general rule may be that the mantle source for the Dinantian - 
magmas would plot to the lower right of the diagram. The smallest-degree 
melts would plot with highest Ce/V and lowest Zr/Nb and larger-degree melts 
would have lower Ce/V and higher Zr/Nb ratios. Any partial melt trend should 
therefore be represented by a curve with a negative slope. 
Since different elements have different distribution coefficients in the 
minerals composing the mantle, it is possible that variations in trace element 
composition of the Dinantian lavas may result from variations in the mineralogy 
rather than the chemistry of the mantle source. This is illustrated in Fig. 6.25, 
where some of the regional compositions have been plotted as fields for 
simplification. If partial melting were effected over a range of pressures in the 
mantle, it is possible that the melt zone would incorporate portions of 
spinel-bearing mantle as well as portions of garnet-bearing mantle (continental 
intraplate basalts are unlikely to have been derived from plagioclase lherzolite 
since the inferred geothermal gradient necessary for this is thought to be too 
high, e.g. Leeman, 1976). With increasing depth, from the stability zone of 
spinel to that of garnet, the modal proportion of garnet might be expected to 
increase. Since V is compatible in garnet (Table 6.1), the observed regional 
variations in incompatible elements may feasibly be attributable to varying 
amounts of garnet in the source region. 
Modelling has been carried out in Fig. 6.25 in order to assess the effects 
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Fig. 6.25: Regional variations in Ce/V and Zr/Nb for selected rocks with > 4% MgO, plotted as fields (after Fig. 6.24): Partial melting curves are given, 
and have been calculated using the equilibrium melting equation: Cl/Co = 1/(0+F-DF). D is the bulk distribution coefficient calculated for three different 
hypothetical garnet lherolite sources: (1) a source containing 9% garnet 06% opx, 17% cpx and 58% ol), after Frey et al (1978); (2) a source containing 
5% garnet (16% opx, 21% cp* and S$°Iu of) and (3) a source containing 3% garnet (th% opx, 23% cox and 58% 01). Co has been taken as the hypothetical 
MORB source (Fitton and Dunlop, 1985), Cl is the composition of the melt, F is the degree of melting, indicated on the 3% garnet lherolite source curve. 
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homogeneous mantle source. The partial melt curves have been constructed 
using the equilibrium batch melting model: 
Cl/Co = 11(04+-OF) 
where D is the bulk distribution coefficient, F is the degree of melting, Co is 
the composition of the source, Cl is the composition of the liquid. Co has 
been taken as the hypothetical MORB source from Fitton and Dunlop (1985) and 
distribution coefficients used in the calculations are given in Table 6.1. The 
three curves in Fig. 6.25 are constructed by assuming the modal content of 
garnet in the source to be 9% (taken from Frey et a!, 1978), 5% and 3% and 
the degrees of melting (F) are given as filled dots. For these three hypothetical 
sources, clinopyroxene has been taken as 17%, 21% and 23% respectively 
(following the hypothesis of Kay and Gast, 1973, that the garnet/clinopyroxene 
ratio of the mantle increases with depth). It must be emphasised that the 
interpretation of Fig. 6.25 is entirely model-dependent. The choice of source 
composition (Co) is somewhat arbitrary (e.g. a model value of two-times 
chondrite could have been used (cf. Kay and Gast, 1973) instead of the MORB 
source). The absolute position of curves in Fig. 6.25 changes significantly 
according to chosen values of Co and D. For this reason, no importance has 
been attached to the calculated F values in the diagram, or the absolute 
positions of the curves. However, the diagram serves to illustrate some 
important principles: 
greater amounts of modal garnet in the source produce 
larger variations in the Ce/Y ratio since V is retained in 
garnet. The Ce/Y ratio is less fractionated in garnet-poor 
sources. Modal variation in clinopyroxene may account for 
variations in Zr/Nb ratio. 
If variable depth melting is responsible for the observed 
range of Ce/V and Zr/Nb ratios, not all the variation can be 
attributed to melting in the garnet stability zone. The low 
Ce/V ratios of some of the Fife lavas must, by this model, 
be derived from a spinel-bearing lherzolite source, since no 
curves (irrespective of chosen D values) can intersect these 
compositions with garnet as a constituent of the source. 
If this variable depth melting model is correct, the interpretation is that 
lavas plotting to the right of the diagram (e.g Kelso and Birrenswark lavas, Fig. 
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Table 6.1. Distribution coefficients used in model calculations 
ol opx cpx gt 
Ce 	0.0008 0.0009 3 0.04 0.0033 
V 	0.002 0.0089 0.195 1.083 
Zr 	0 .001* 0 . 001* 0 . 12 2 0 . 166 1 
Nb 	0 . 00 1 * 0.001* 0.01 1,2 0.01' 
Taken from megacryst/basalt host data from the Biu Plateau, Nigeria, from 
J.G. Fitton (unpubi. data). 
McCallum and Charette (1978). 
Frey et 8/. (1978). 
* Values are an order of magnitude less than those given by Pearce and Norry 
(1979). 
N.B. Coefficients for Ho have been used for V. 
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6.25) are derived from garnet-rich sources, whereas lavas from Fife are derived 
from garnet-poor or garnet-free sources. Therefore, the trend observed in the 
Fife-Bathgate samples may represent melting over a range of depths. 
The variable depth melting model falls down however, when evidence 
from Fig. 6.26 is taken into account. Several samples from the Fife and 
Bathgate trend in Fig. 6.25 have been plotted as normalised abundances, and 
samples with a range of Ce/Y have been chosen. All rocks have similar MgO 
concentrations which preclude the possibility of extensive fractional 
crystallisation. The five samples chosen show clear progressive increase in all 
the incompatible elements from F205 to HS94. The most incompatible element 
enriched samples also show pronounced negative K anomalies (cf. Fig. 6.10), 
taken to represent retention of a K-bearing phase (e.g. phlogopite) during the 
smallest degrees of melting (cf. section 6.4.2). In addition, the range of 
normalised V concentrations is very small. If melting were effected over a 
range of depths including garnet and spinel Iherzolite sources, V would be 
expected to change from being a relatively compatible element in the former to 
more incompatible element in the latter, and a large range of normalised V 
concentrations would be expected. The Fife-Bathgate trend is therefore clearly 
a partial melt trend rather than a variable depth melting trend. 
Fractional crystallisation as a process responsible for the observed 
variations in Ce/V and Zr/Nb appears equally unlikely. Clinopyroxene or 
amphibole removal may fractionate the Ce/V ratio. However, petrographic 
evidence does not support fractionation of amphibole in these basic magmas 
(even in Strathaven) and fractionation of the Ce/V ratio from values obtained in 
Fife to the highest values observed in the province require unacceptably large 
amounts (> 90% using D values in Table 6.1!) of clinopyroxene fractionation. 
The conclusion therefore has to be that generation of the observed 
distinct curves in Fig. 6.25 was achieved by varying degrees of partial melting 
of a source region which was chemically heterogeneous. The source region 
must have been greatly variable in its Zr/Nb ratio in particular, in order to 
generate the observed series of curves with similar slopes but displaced along 
the Zr/Nb axis in Fig. 6.25. It is suggested that the Ce/V ratio is largely 
governed by the degree of partial melting , whilst the Zr/Nb ratio is controlled 
more by the composition of the source, although both partial melting and 
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Fig. 6.26. Normalised incompatible element concentrations (normalised after 
Thompson; 1982) for selected basaltic samples from Fife and the Bathgate Hills 
MgO concentration for each sample is also indicated on each profile. 
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65.2. Kintyre low-K tholeiites 
It has been shown that the two Kintyre low-K tholeiltes have different 
incompatible element compositions from the majority of Dinantian rocks 
(section 6.3.1). In most of the inter-element diagrams, these samples revealed 
much lower P205, TiO 2, Ce, Ba, Zr and Nb concentrations. Whilst normalised V 
concentrations in Fig. 6.9 show similar values to those of other Kintyre basaltic 
rocks, unpublished data from R. Macdonald suggest that HREE are higher in the 
Kintyre sample MV261 (e.g. LUN = 29.4 for MV261; R. Macdonald, unpubl. data; 
LUN = 7.9-8.8 for other Kintyre alkali basalts, given in Appendix IV). Whilst 
some of this variation may be due to discpancies between analytical 
techniques used, these discrepancies are outwith 2o error limits for each 
method. 
Since garnet is generally assumed to be the mineral which retains HREE 
and V during melting, higher HREE concentrations may indicate that garnet was 
not an important constituent of the mantle source. It is suggested therefore, 
that these magmas were derived from a spinet lherzolite source, at shallower 
depths. This suggestion would comply with the observed compositions in e.g. 
Fig. 6.20, where a partial melt trend on these two diagrams would be positive 
and curvilinear. Partial melting of garnet Iherzolite would be expected to 
produce a steep trend in these diagrams. Melting of spinel !herzolite would 
however, induce less fractionation of Ce and Nd from V and would produce a 
trend with a much shallower gradient. 
Fig. 6.27 shows the position of the two low-K tholeiites relative to the 
rest of the province on the Ce/V versus Zr/Nb diagram (i.e. the two crosses 
with Zr/Nb > 20). They clearly plot well away from the curvilinear trends of 
the rest of the province. One sample (MV261) has much higher Zr/Nb than the 
hypothetical MORB source, although it must' be emphasised that analytical 
uncertainty in Nb is large due to low measured concentration (c. 1 ppm) in this 
sample. It is possible that the two low-K tholeiites may have been 
contaminated with continental crust en route to the surface (cf. Dupuy and 
Dostal, 1984), although this is thought to be highly unlikely due to the lack of 
any' mixing line relationships with the range of compositions of continental 
crust given in Fig. 6.27a,b (Fig 6.27b is after Cox and Hawkesworth, 1985), and 
due to their low Rb/Sr and Rb/V ratios and LREE depletion. 
It is concluded therefore, that the Kintyre low-K tholeiites may have 
been derived from a spinet iherzolite sourc!reg!9n_t?y relatively Iargedegrees, 
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Fig. 6.27a,b Ce/Y against Zr/Nb and Nb/Y against Rb/Y for.basaltic rocks (> 4% 
MgO), compared with the MORB source (MORBS: Fitton and Dunlop, 1985) and 
various estimated and calculated compositions of the continental crust. SULPS 
(Southern Uplands. Lower Palaeozoic Sediments) data are from Thirlwal! (1983), 
Lewisian amphibolite, granulite and the estimated bulk. continental crust are 
from Taylor and McLennan (1985) and Canadian Shield data are from Shaw et 
8/. (1967). 
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6.6. Temporal variations 
Discussion of trace element compositions so far has been concerned 
purely with spatial variations. Macdonald et at (1977) suggested that the 
Scottish Permo-Carboniferous volcanic activity as a whole displayed two 
thermal cycles, each of which produced magmas with increasing 
Si-undersaturation with time. The earliest cycle was recognised as being early 
Dinantian to early Namurian in age, the later being mid-Namurian to early 
Permian in age. Since more data are now available, for Dinantian lavas, the 
theory has been tested using trace element ratios (Fig. 6.28). Mean 
compositions for selected regions (with > 4% MgO) have been plotted with la 
standard deviations against age estimates with 2a error limits for each region 
(data mostly from Fitch et al. 1970; De Souza, 1979, 1982; Francis, 1983 and 
Macdonald and Walker, 1985). La/V and Nb/Zr are both 'measures of 
incompatible element enrichment and should therefore reflect degrees of 
Si-undersaturation. In general, both La/V and Nb/Zr increase with time from 
early Dinantian to early Namurian samples and substantiate the view held by 
Macdonald et al. (1977) for this part of the Permo-Carboniferous magmatic 
activity at least. It must be noted however, that there is a large amount of 
variation in the ratios, even for a given time. 
Macdonald (1980) postulated that each. region in the ,Carboniferous 
province retained its distinctive incompatible element character 'for up to 50 
Ma. Most Dinantian outcrops are geographically dispersed and are therefore 
unlikely to have been derived from the same volumes of mantle. However, in 
the southwestern Scottish Borders, volcanic rocks of Tournaisian age 
(Birrenswark lavas) outcrop close to rocks of Visean age (Kershopefoot lavas; 
see Chapter 2). Figs. 6.21, 6.22 and 6.24 clearly show that the Kershopefoot 
and Birrenswark lavas have distinctive incompatible element compositions. In 
this case, the two groups of lavas must be sampling chemically different 
portions of mantle. The hypothesis of Macdonald (1980) therefore appears to 
be incorrect for certain of the Dinantian rocks at least. 
6.7. Summary and discussion 
Compatible trace element data for the Dinantian lavas reveal that the 
suite (basalt to trachyte) may in general, be related by fractional crystallisation. 
Ni, Cr, V. Sc and Cu show progressive depletion with decreasing MgO due to 
fractionation of olivine, 'clinopyroxene and Fe-Ti oxides. 	Sr-- behaves - - 
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Fig. 6.28. Mean La/Y and Nb/Zr ratios with Icy standard deviations against age 
with 2a errors for basaltic rocks from selected regions in the Dinantian 
province. Age data are from Fitch et al. (1970). De Souza (1979, 1982), Francis 
(1983b) and Macdonald and Walker (1985). Abbreviations are: L: East Lothian 
(N=22); H: Holyrood Park (N=24); BK: Birrenswark (N=10); K: -Kelso '(N=27); CO: 
Cockerrnouth (1\1=3); C: Carnwath (N=7); 'F: Fife (N28); KE: Kershopefoot (N=2); 
GA: Gargunnock Hills (N=.3); FT: Fintry SHills (N=11); LC: Little Cumbrae (N5); BU: 
Bute (N18); TO: Touch Hills (N=16);STR: Strathaven (N18); B: Bathgate (N18); 
KT: Kintyre (N=27). All samples included in the mean calculations have > 4% 
MgO. 
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< 4% MgO). Similarly, Ba behaves incompatibly until alkali feldspar begins to 
fractionate (generally < 1-2% MgO). Other elements e.g. Zn and Pb behave 
incoherently. REE, Rb, Zr, Nb and V are incompatible throughout the 
compositional spectrum from basalt to trachjte and show progressive increase 
with decreasing MgO. A pronounced compositional gap is apparent in the trace 
element data between the trachytes and the rhyolite. No gap of similar 
magnitude is observed in the major element data. Crystal fractionation, 
secondary alteration and crustal melting all appear to be unlikely causes of the 
observed compositional differences, and it is concluded that the rhyolite may 
have been affected by processes involving volatile transfer in a compositionally 
zoned magma chamber similar to those envisaged by Hildreth (1981); Mahood 
(1981) and Leat et a/. (1984). 
Incompatible trace element data for the basaltic rocks with > 4% MgO 
reveal that Macdonald's (1980) model of a laterally heterogeneous mantle 
source for the magmas is only partially correct.. Many regions do not show 
evidence for mantle heterogeneity e.g. most parts of the Clyde Plateau and 
Firth of Clyde, where regional variations may be readily explained by crystal 
fractionation and varying degrees of partial melting of a homogeneous mantle 
source. Other regions however, reveal differences in trace element 
compositions which cannot reasonably be attributed to these processes. Many 
regions have their own trace element signatures such as the consistently high 
Ba and low Zr of samples from East Lothian and the high P concentrations of 
Limerick basalts. Such regional variations may owe more to minor 
mineralogical variations in the mantle source: low Zr may for example indicate 
restite zircons in the mantle below East Lothian, whereas high P may  indicate 
high modal proportions of apatite (in this case, not restite) in the mantle below 
the Limerick Basin. 
Negative K anomalies in some normalised incompatible element profiles 
suggest that phlogopite may be present in the mantle source below some 
regions, or that it may be a ubiquitous accessory phase which is retained in 
the source for small degrees of melting, but is consumed in larger-degree 
melts. 
Basaltic samples from Ayrshire and Renfrewshire have incompatible 
element concentrations which are significantly different from those of other 
Clyde Plateau lavas. Either these lavas were derived from a portion of mantle 
which was grossly heterogeneous in its trace element content or the chemistry 
of these lavas displays a mixing line relationship between typical Clyde Plateau 
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magmas and an unknown end-member which has relatively low Zr and much 
higher concentrations of Nb and IREE than any lavas observed in the province. 
Few isotopic data are however, available for Ayrshire and Renfrewshire lavas, 
and the problem cannot at this stage be resolved. 
Models of partial melting have been used in order to interpret the 
regional variations in Ce/Y and Zr/Nb ratios for the basaltic rocks. A variable 
depth melting model involving partial melts derived from both spinel and 
garnet lherzolite sources is found to be untenable. The Dinantian magmas 
appear to have been derived from a source region which was chemically 
heterogeneous, particularly in its Zr/Nb ratio, at the time of partial melting. 
Many of the trace element variations appear to have a temporal as well 
as spatial control. Some geographically dispersed suites of similar age show 
similar trace element abundances (e.g. Clyde Plateau, Firth of Clyde, Kintyre), 
whilst some suites which are geographically close but temporally disparate, 
have greatly different trace element abundances (e.g. Birrenswark and 
'Kershopefoot). This makes a strong case for a convecting mantle source, a 
hypothesis which will be discussed further in Chapter 8. 
The chemical compositions of two low-K tholeiites from Kintyre are 
significantly different from those of the rest of the-province. Their low Rb/Sr 
and Rb/V ratios and LREE contents suggest that crustal contamination has not 
been significant,, although few isotopic data are available to test this 
hypothesis. It is concluded that these rocks were derived from a different 
source reservoir from that producing other Dinantian magmas. They appear to 
have been derived by large degrees of melting of a source which was depleted 
in incompatible elements. This source may have been spinel lherzolite and 
appears to have had a low' Nb concentration, resulting in negative Nb 
anomalies in the low-K tholeiite melts. 
Normalised incompatible element diagrams reveal that despite 
small-scale anomalies, the Dinantian volcanic rocks (with the exception of the 
Kintyre low-K tholeiites) all show broadly similar features: the incompatible 
element enrichments and characteristic humped profiles with 'peaks at Nb, 
relative LILE depletion and the small range in V suggest that these lavas are 
genetically related. They also show affinities with many other intraplate alkali 
basalts from continental and oceanic settings. This observation requires 





Having established that the mantle source region for the Dinantian 
magmas was heterogeneous in its incompatible element concentration, it is 
clearly desirable to examine the extent to which incompatible element 
variations are matched by isotopic variations. If portions of the magma source • 
reservoir possessed their individual trace element characteristics for 
geologically long periods of time, isotopic compositions may be expected to 
vary concomitantly. Portions of mantle having distinctive Rb/Sr, Sm/Nd, U/Pb 
and Th/Pb ratios will evolve with different 87Sr/86Sr, 143Nd/ 144 Nd, 206Pb/204Pb, 
207pb/204Pb and 208Pb/204 Pb compositions, providing that each portion has 
remained as a closed system since the generation of the heterogeneities. 
Isotopic variations may also result if mixing of two or more source 
reservoirs is involved in magma genesis. Examples from continental settings 
such as contamination of mantle-derived magmas by continental crust (e.g. 
Carlson et al.. 1981; Mahoney eta!, 1982; Thompson, 1982) or involvement of 
enriched continental lithospheric mantle (e.g. Brooks et at, 1976; Menzies et a!, 
1983), often implicating fluid-controlled metasomatism (e.g. Hawkesworth and 
Vollmer, 1979; Erlank et a!, 1980; Wass et at, 1980; Holm and Munksgaard, 
1982) have frequently been cited in the literature. 
Trace element evidence presented in Chapter 6 suggests that crustal 
contamination was not important in the genesis of the Dinantian magmas. 
Elemental variations are however, frequently unsuitable in this respect since 
they are complicated by other processes such as partial melting and fractional 
crystallisation. The hypothesis can be tested much iflorepöwërfülly with the 
use of isotopic data. Investigation of the Sr, Nd and Pb isotopic compositions 
of some of the Dinantian magmas has therefore been carried out in order to (1) 
assess whether the mantle source region was characterised by a 
time-integrated chemical heterogeneity, (2) establish the extent to which 
mixing (including crustal contamination) has been involved and (3) characterise 
the isotopic composition of the magma source reservoir (bearing in mind that 
to date no isotopic data, other than for geochronological purposes, have been 
obtained for the suite). 
The majority of samples selected for analysis are basic (> 4% MgO), 
although a few hawaiitic and trachytic rocks have also been included in the 
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study. Details of analytical methods are given in Appendix V and the data are 
presented in Tables 7.1-7.3. 
7.2. Alteration 
Since the calculation of initial ratios of 87Sr/86Sr, 143Nd/144Nd, 
206Pb/204 Pb 207Pb/204Pb and 208Pb/204Pb is dependent upon the 
parent/daughter ratio for each isotopic system, it is essential that this ratio has 
remained unmodified, except for radioactive decay, since the formation of the 
rock. Secondary alteration effects such as weathering may change 
parent/daughter ratios significantly, particularly if the elements concerned are 
highly mobile. Rb is a volatile element and U, when oxidised, may become 
hexavalent and hydrophile (Faure, 1977). The relative stability of the REE has 
already been described in section 6.4. This suggests that Sm/Nd ratios may be 
more robust to the effects of alteration and therefore that 143Nd/ 144Nd ratios 
are less affected by minor weathering processes. For the Sr and Pb isotopic 
systems however, it is essential that only the freshest samples are selected. 
For most regions, plots of Rb against immobile HFSE (e.g. V and Zr) reveal 
good positive correlations which suggest that in many cases, Rb has not been 
lost from the fresher samples since crystallisation of the rocks. Minor Rb loss 
.cannot however, be ruled out for certain of the slightly altered samples and in 
a few cases, 87Sr/86Sr ratios may be consequently too high. 
The behaviour of U is less clear since only 24 samples have been 
analysed for this element. Pb isotopic analysis has however, been restricted to 
the freshest samples, and insufficient age correction is therefore not believed 
to be important in the Pb isotopic compositions. In particular, samples which 
have been analysed for more than one isotopic ratio are believed to have 
largely unmodified Rb/Sr. Sm/Nd and U/Pb and full confidence has be-en pläced 
in their initial isotopic ratios. 
7.3. Composition of the Scottish lithosphere 
Before an assessment of the isotopic compositions of the Dinantian 
samples can be carried out, it is necessary to outline the range of 
compositions of potential contaminants which the magmas may have traversed 
en route to the surface. A knowledge of the composition of the continental 
lithosphere in the vicinity of the Midland Valley is therefore desirable. 
Information about the deep Scottish lithosphere has been largely 
amassed from geophysical studies and studies of inclusion suites from 
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numerous vents and intrusions in the region. Information about the upper 
crust is available from both surface exposure and borehole data. 
Upper crustal materials in the Midland Valley and Southern Uplands 
mainly comprise Palaeozoic sediments (with P wave velocities of 5.8-6.0 km 
s 1 : Bamford et al. 1978), whereas in the Highland Border, Dairadian 
metasediments as well as Palaeozoic lithologies are present. 
Early workers concerned with the deep geology of the Midland Valley 
suggested that the lower crust had oceanic affinities (e.g. Dewey, 1969; Gunn, 
1973; Mitchell and McKerrow, 1975). The LISPB seismic refraction profile across 
Scotland however, revealed a deep crustal layer extending to beyond 14 km 
depth (Bamford et a!, 1976), with P wave velocities in excess of 6.4 km s 1 . 
This crustal layer has been interpreted as granulitic and continental in nature. 
Beneath this layer, the LISPB profile revealed a lower crustal unit at a depth of 
18-23 km where P wave velocities reached 7 km s. This layer may also be 
composed of granulite fades rocks (Bamford eta!, 1976; 1977; 1978). 
Occurrences of basic and acid granulite inclusions in vents and 
intrusions from the Midland Valley and Southern Uplands substantiate this view 
(Hunter et a!, 1984; Upton et a!, 1983; 1984). Upton et at (1984) believed that 
one- or two-pyroxene granulites were derived from the lowest parts of the 
crust. Assuming a chemically stratified crust, xenoliths of quartzo-feldspathic 
gneiss are taken to have been derived from shallower levels (Upton et a!, 1983; 
1984). Other inclusions include apatite-magnetite rocks, 
biotite-hornblende-albite rocks and unfoliated tonalites, diorites, trondjhemites 
and granites. 
Although this high grade (granulitic) basement was originally thought to 
be of Lewisian age, recent isotopic data have shown the lower crust in the 
Midland Valley to be- significantly younger: Grenvillian (1100-1.00.0 Ma) being a 
favoured age (Aftalion et al. 1984; Davies et al. 1984). Halliday et at (1985) 
however, dispute this and suggest that much of the lower crustal material from 
the Midland Valley is younger (< 1000 Ma, some probably Lower Palaeozoic) 
and not Grenvillian. 
Upton et al. (1983), Halliday et al. (1985) and Hunter and Upton (in press) 
have also described numerous inclusions of ultramafic xenoliths including 
mostly spinel lherzolite and harzburgite as well as wehrlite, websterite, 
clinopyroxenite and numerous megacryst assemblages, all assumed to be 
derived from lithospheric mantle sources. 
Many workers concerned with basaltic rocks and ultramafic inclusion 
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suites in continental terrains have given convincing accounts of the 
contribution of enriched continental lithospheric mantle (e.g. Menzies et al. 
1983) to basaltic magmas. However, in the case of the Midland Valley and 
Southern Uplands lithosphere, no clear chemical or isotopic evidence for 
enriched mantle has so far been found. Megacrysts, presumed to represent 
fragments of pegmatitic veined mantle, and ultramafic xenoliths analysed so far 
from the Midland Valley appear to have a time-integrated LREE depletion with 
resultant positive cNd characteristics (Menzies and Halliday, 1984; A.N. Halliday, 
pers. comm., 1985; Halliday et a/, 1985, Fig. 7). 
Since lithospheric mantle is attached to the base of the crust, the two 
units may have had similar tectonic histories, and their ages may also be 
similar. Indeed, there appears to be much evidence that ages of the crustal 
and mantle lithosphere are often linked (e.g. Richardson et al, 1984; Halliday et 
at, 1985). Halliday (1984) showed that the age of the Scottish continental crust 
increased progressively towards the northwest, the oldest basement rocks 
being represented in the northwest Highlands and Outer Hebrides whereas the 
youngest crustal basement is thought to be present in southern Scotland. 
Much evidence for this comes from the Scottish Caledonian granitoids, which 
have been taken to include a substantial component of continental crust. 
Pidgeon and Aftalion (1978) discovered a marked Pb isotopic memory in zircons 
extracted from granites to the north of the Highland Boundary Fault which is 
absent in zircons from granites to the south. Halliday (1984) found a marked 
change in isotopic composition of granitoids across the Grampian Highlands 
and defined a geographical boundary (the Mid Grampian Line) between 
granitoids containing inherited (lower crustal) zircons and having eNd values 
more negative than -6 to the northwest, and granitoids without inherited 
zircons and €Nd values more positive -than - 6 to the southeast. This Mid 
Grampian Line has been taken to represent a fossil Dalradian continental 
margin since it marks the approximate boundary between exposed Moinian and 
Dalradian rocks (Halliday et a!, 1985) and is therefore thought to mark a 
distinct increase in the age of the lower crust in this region. Evidence from 
Blaxiand et al. (1979) and Halliday (1981) that common Pb isotopic compositions 
of granitoids become more radiogenic southwards has also been taken to 
indicate a southerly diminution of ancient granulite facies material in the 
Scottish crust (Halliday, 1984). 
Further evidence that the age of the Scottish continental crust and 
Iithospheric mantle are linked is provided by Halliday et at. (1985, Fig. 8), who 
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show that Sm-Nd model ages of both granulite and peridotite xenoliths 
increase markedly towards the northwest. If this is the case, the lithospheric 
mantle below the northwest Highlands and Outer Hebrides may be significantly 
older and may consequently have had a more complex history than that below 
the Midland Valley and Southern Uplands. 
Menzies and Halliday (1984) and Halliday et al. (1985) stated that the 
only clear isotopic evidence for enriched lithospheric mantle in Scotland to 
date comes from peridotite xenoliths from the Outer Hebrides (Loch Roag). 
Ultramafic xenoliths from Streap Comlaidh in the Scottish Highlands were noted 
to have 143 Nd/ 144Nd ratios greater than bulk earth but to have a significantly 
radiogenic Sr component, in a similar sense to trends observed in many 
subduction-related volcanic suites (Menzies and Halliday, 1984). These 
compositions may reflect a differentkind of mantle enrichment process. Data 
for basic ORS subduction-related lavas also reveal pronounced increases in 
incompatible element concentration and 87Sr/86Sr with decrease in 143Nd/144 Nd 
of the upper mantle in a northwesterly direction across Scotland (believed not 
to reflect crustal contamination: Thirlwall, 1979; 1982) and suggest that 
enriched mantle sources may be present below the Scottish Highlands but not 
the Midland Valley and Southern Uplands. 
Since isotopic data amassed so far from mantle-derived xenoliths from 
the Midland Valley give no evidence for ancient, trace element enriched mantle 
in this region, the composition of the lithospheric mantle below the Midland 
Valley may be largely indistinguishable from that of sub-lithospheric mantle 
reservoirs (as evidenced by data for oceanic basalts). Discrimination between 
these two source reservoirs simply on the basis of xenolith data, for the origin 
of the Dinantian volcanic rocks, therefore appears to be impossible, and other 
lines of evidence must be used if this problem is to be adequately tackled. 
7.4. Decay constants and bulk earth parameters 
Decay constants used in age corrections of isotopic data were: 
A Rb = 1.42x10 11 y 
A 147Sm = 6.54x10 12 
A 238w = 1.55125x10 -10  y 
A 235w = 9.8485x10 10 y (Jaffev et al. 1971) 
A 232m = 4.9475x10 11  V_ I (LeRoux and Clendenin, 1963). 
Primordial Pb isotopic compositions used for construction of the 
geochron were: 206Pb/204Pb: 9.307; 207Pb/204Pb: 10.294; 208Pb/204Pb: 29.476 
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(Tatsumoto at a/,, 1973). Th/U has been taken as 4.0 (Thirlwall, 1983) and 
as 137.88 (Tatsumoto at a!, 1973). T, the age of the earth was taken 
as 4.57 Ga (Tatsumoto at al. 1973). Bulk earth parameters used for the 
calculation of c units were: 
87Sr/86Sr = 0.7045 
87Rb/86Sr = 0.0839 
143Nd/ 144Nd = 0.512636 
147Sm/ 144 Nd = 0.1966. 
Nd units were calculated using the equation: 
eNd t 	143Nd/ 144Nd t.sampe/l4 d t.buIk  ear1h)X 
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where both isotopic ratios were age corrected to time, t, the age of the 
sample. cSr units were calculated in the same way. 
7.5. Isotopic compositions of Dinantian volcanic rocks 
Sr, Nd and Pb isotopic data are presented in Tables 7.1, 7.2 and 7.3 
respectively. Initial ratios (at time, t, given in Table 7.1) and c units for Sr and 
Nd data are also given. The basic rocks (basalts to hawaiites) have largely 
unradiogenic 87Sr/86Sr ratios ranging from 0.7029-0.7051, 143Nd/144Nd ratios of 
0.5122-0.5125 (cNd of -0.4 to +5.6) and moderately radiogenic Pb isotopic 
compositions, 206Pb/204 Pb, 207Pb/204Pb and 208Pb/204Pb ranging from 
17.77-18.89, 15.48-15.59 and 37.01-38.31 respectively. Three trachytic rocks 
have 87 Sr/ 86Sr ratios ranging from 0.7033-0.70545, 143Nd/ 144 Nd ratios of 
0.5123-0.5124 (cNd of +1.2 to +3.7) and 206Pb/204Pb, 207Pb/204Pb and 
208Pb/204Pb ratios of 17.65-18.57, 15.42-15.60 and 37.53-38.45 respectively. 
There is clearly a range of isotopic compositions and the possibilities of mixing 
(including crustal contamination) need to be investigated. 
Fig. 7.1a and b show the initial 143 Nd/144Nd and 87Sr/86Sr ratios for all 
analysed rocks plotted against normative ne or 'Q' (see Chapter 5). Material 
composing the continental crust has long been known to possess Sr and Nd 
isotopic compositions which are markedly different from those of the mantle. 
In addition, much of the material composing the crust is saturated or 
oversaturated with respect to silica. Substantial mixing between 
mantle-derived magmas and continental crust may therefore yield a correlation 
in Fig. 7.1a,b. This is clearly not the case: samples from all regions appear to 
show no relationship between Nd and Sr isotopic composition and 
Si-saturation. Even the evolved rocks do not show marked differences in 
isotopic composition from the rest of the analysed Dinantian rocks, with the 
Table 7 1 Sr Isotopic data for selected Dunantuan volcanic rocks 
Sample Lithology Age (Ma) 	Rb (ppm) Sr 	(ppm) 81Rb/ 865r 87SrI86Sr 20 
87
Sr/ 86 Srt €Srt 
A6 AS 330 29.7 517.2 0.1661 0.70434 4 0.70356 -7.8 
A7 AS 330 7.7 155.8 0.1423 0.70446 4 0.70379 -4.5 
CP21 AS 329 *36 *647 0:1628 0.70365 . 0.70289 -17.3 
HS14 B 354 *38 *918 . 	 0.1197 0.70572 3 	, 0.70512 
HS54 I 336 111.3 87.0 3.707 0:72186 2 0.70413 
H576 , . 	 327 16.1 496.6 009379 0.70363 4. • 0.70319 -13.1 
HS94 BAS 320' ' 	 , 	 21.7 12.69.3'. 0:04935 0.70388 3 0:70366 -6.5 HS10'7 H 330 *41 *523 0.2267 0.70438 3 0.70332 
HS 127 B '330 . 	 *23 	. *567 	'• ' 	 0.1157 0.70472 4 0.70418 +1.0 
HS128 B 3.27, . , 	16.8 487.2 009983 0:7,0452 3. 
, 0.70405 -09 H:S148 , H 322 21.9. 541.5 ' 	 0.1186 0.70400 4 0.70346 -94 HS155 . 	 U 354 28.2 , 623.1 0:1309 '0.703 3 U.'10304 -148 H5161 8 320 7.9 932.2 . 	 0.02459 	' 0.70469 . 	 2 0.70457 +57 GC4 BH 361 20.2 , 501.9 . 	 " 	 0.1164 0.70416 	' " 	 " 	 4 . 0.70356 
GC13: BH 361. ' 	 18.3 631.2 , 	 0.08408 0.70400 5 0.70356 L3 AS 354 , 	 31.1 880.9 O.'1041 0.70387. 	' 	. 3 	. 0.70335 -10.4 L19 	, , 	 AB 354 5.1 814.9 0:01791 0.70319 4 0.70310 -13.9 I . 	 353 123.1 ' 211.5 ' 	 . 	 1.684 	' ' 	 0.71177. . 	 4 0.70331 L96 H 354 . 	 55.7 721.9 0.2231 ' 	 0.70435' 4 0.70322 
29.8 697.6 .0.1235 0.70398 4 0.70336 
. 431 0.1112 0.70380 0.70324 
-10.2 
' H28 , 
, 	






*636 0:1478 0'. 703 79, •, 0.70305' H38 ' 8 354 19. *721 0.07622 0.70401 3 
-14.6 
H39 B 354 *47 '681 ' 	 '0.1990 0.7.0396. 	. 4 
0.70363 








. 	 0.08956 	' 1 , 	.0.7038 
.3 0.70318 ' 	 -12.6 








Bill ' 8 320 ' 	 12.2 1526.3 0.02304 	''0.70491 
3 0.70302 
8113 B 320' 799.3 0.1291' 0.70412 
4 
' 0.79481 +9.8 
B115 320 25.8 771.4 
, 
' 	 0.1004 
. 
0.7042 




Table 7.1. continued... 
Sample 	Lithology 	Age (Ma) 
	
Rb (ppm) 	Sr (ppm) 	870b/ 86Sr 	87 S r / 86 S r 	20. 	
87
Sr/ 86 Srt 	€Srt 
CP125' B 327 22.2 620.5 ,01037 0.70344 4 0.70296 -16.3 
CP126 H 327 59.1 843..7 0:2025 0.70403 4 0.70309 -14.5 
CP132 H 327 62.4 988.7 0.1826 0.70400 5. 0.70315 -13.6 
CP136 8 327 	., 20.4 567.1 0:1038 0.70336 4 0.70288 
HBL H 330 76.0 700.0 0.3141 0.70475 3 0.70327 
K1147 A6 320 4.7 418.4 0.03268 0.70386 4 0.70371 -5.8 
1<1157 LKB 320 6.2 165.5 0.1091 0.70475 4 0.70425 +1.8 
1<1171 AB 320 17.4 324.3 0'.1553 	" 0.70419 4 0.70348 
1<1181 B 320 26.5 102.3 0.1093 0.70416 4 0.70366 -6.5 
1<1183 T 320 1207 306.4 1.140 0.71064 4 . 	 0.70545 
1<1187 B 320 8.9 486.4 0.05296 .0.70428 . 	 4 . 	 0.70404 -1.1 
F195 B 338 .33.1 659.7 0.1449 •0.70373 ' 	 4 0.70303 . 
F198 6 .338 30.5, 617.3 6.,1303. 	. ' 0:70358 3 0.70295 -16.3 
F199 B . 	338:.. *35 *665 0.1522 0.70363 8 0.70290 -17.0 
F200 B 338 24.5 463.5 0.1531. 0.70356 3 0.70283 
CP236 . 	 H 	 , 330 23.2 740.0 0.09064 0.70376 5 0.70333 -11.1 
•CP239 B 330 *18 *492 0.1058 0.70354 4 0.70304 
C1249 BH 330 9.5 661.7 0'.0597 0.70371 0.70331 
CP254 B 330 15.6 525.4 0.08573 0.70386 . 	 4 0.70346 
8333 'B 330 *29 	. *57() 	'' 0'1471 0.70395 4 0.70326 -12.1 8336 B 330 27.1 571.8 0.1372' 	, 	.'0.70412 4 0.70348 
• 	 13345 BH 330 	, 26.6 610.8 	,' 0.1261 0':0455 .. 	4 0.70396 
LC371 8 330 21.7 632.4 . 	0.09931 0.70465 4 0.70418 
'CP405 330 	. 38.5 711.8 	, 0.1563 	'0:7.0384 '.4 




CP466 H , 	330 23.4 124.0 0.09359 070425 4 
0.70383 
81<430 BH 345 47.9 416.8 0.3321 	' 0.70550 4' 
0.70381 




• 	B1<458 BH , 345 • 56.5 531.6 0.3074 0.70482 4 
0.70366 
. 0.70331 
Lithologic& abbreviations are: B: basalt; AB: Ankaramitic basalt; BAS: basanite; LKB: Low-K tholeiitic basalt; BH: basaltic hawaiite; H: hawaiite; T: trachyte. 
Errors are given as 20 errors about the mean and refer to the last digit quoted for the measured 87 Sr/ 86Sr ratio. 	Initial ratios and C values are given at time. 
t (Ma). 
Rb and Sr concentrations determined by 'XRF; all other Rb and Sr concentrations determined by isotope dilution. 
Co 
Q 
Table 7.2. Nd isotopic data for. selected Dinantian volcanic rocks. 
Sample 	Sm (ppm) Nd (ppm) 	147Sm/ 144Nd 	143Nd/ 144 Nd 	2Q 	143Nd/ 144Ndt 	€Ndt 
A6 6.00 29.7 0.1221 0.512617 23 0.512353 +2.8 
A7 5.51 26.9 0.1239 0.512601. 20 0.512333 +2.4 
CP21 8.22 40.0 0.1241 0.512717 19 
' 	
. 0.512450.... +4.6 
HS54 15.6 78.1 0.1204 0.512637 24 0.512372 +3.7 
• 	HS76 6.49 30.1 0.1303 0.512686 20 0.512407 	' +3.7 
HS94 9.73 53.4 ,' 	0.1101 0.512673 21 0.512442 +4.3 
HS127 5.70 26.1 0.1320 0.512784 •' 	 21 	' ' 	 0.512501 +5.6 
HS128 6.18 •27.6 0.1352 0.512721 20 0.512429 +43 
HS155 6.24: 31.1 0.1212 0.512636 21 0.512355 +3.4 
HS161 7.54 36.4 0.1253 '0.512570 19 0.512293 +1.8 
L3 7.45 37.8 0.1191 0.512601 21 , 	 0.512325 +2.8 
L19 7.99 43.7 0.1105 0.512601 20 0.512345 +3.2 
L80 9.56 51.8 0.1116 0.512554 20 	. 0.512296 +2.2 
H22 6.57 31.6 0.1052 0.512711. 21 0.512467 +5.6 
H26 5.19 23.4 0.1340 0.512727 '' 	21 	• 0 '  0.512416' +4.6 
H29 6.87 33.4 0.1242 0.512684 21 0.512396 +4.2 
H39 7.02 ' 	 35.3 0.1204 0.512660 '' 	20 0.512381 +39 
K65 10.5 44.1 . 	 0.1433 0.512738 0.22 0.512399 +4.5 
(78 9.93 •43.8 0.1371 0.512698 20 	, 0.512374 +4.0 
Bill 7.31 36.6 • 	 0.1207 0.512635 26 0.512382 +3.1 
B113 6.38 30.2 0.1276 0.5.1268.1 20 0.512414 +37 
• 	CP12S 	• 7.32. 35.3 0.1254 0.512718 	' 21 • 	 0.512450 +4.6 
'CP126 • 	 8.45 45.1 0.1133 0.512681:. 21 • 	 0.512438 	• 	• +44 
'CP132 9.66 50.5 0.1157 0.512669 21 	• 0.512421 +4.0 
KT147 5.40' 24.7 	• 0.1321 0.512676 	. .21 	•' 	• '0.512399 '+3.4 
KT181 , 	 7.49 34.4 	• 0.1318 0.512564 21 0.512288 +1.2 
,K1183 6.67 4.5.9 0.08792 0.512476 24.. 0.512292 +1.2 
KT187 	. 4.99 21.8 0.1386 0.512493 42 0.512203 -0.4 
F198 9.90 37.3 0.1604 0.512578 27 0.512223 +0.4 ' 
F'199 • 	
07•49 
37,0 0.1222 0.512698 '2l 0.512428 +4.4 
CP236 • 7.48 33.2 0.1363 ' 	 0.512686' 30 0.512392 	• 	'' +35 
B333 6.89 31.7 	• 0.1315 '0.512709 ' 	 22 0.512425 	• +4.2 
• 	
Table .7.3. Pb isotopic data for selected Dinantian volcanic rocks. 	Initial ratis at time, t, calculated assuming Th/U 	4,0. 
Sample U 	(ppm) Pb (ppm) 206Pb/ 204 Pb 207 Pb/ 204 Pb 208 Pb/ 204 Pb 206 Pb/ 204 Pbt 207 Pb/ 204 Pbt 208 Pb/ 204 Pbt 
'. 	 A6 1.0 3.3 19.169 15.545 39.233 18.16 15.49 37.90 
• 	
•A7 0.9 2.3 19.615 15.572 39.743 18.33 15.50 38.00 
CP21 1.4 3.3 19.885 15.629 39.729 ' 	18.46 15.55 37.84 
HS54 2.4 56.2 18.715 15.607 . 	 38.632 	' 18.57 15.60 38.45 
HS127 0.9 2.3 19.530 . 	 15.624 39.384 18.24 15.56 37.67 
HS148 0.7 •2.9 19.158 15.629 	. '39.086 	, ' 	 18.34 	' 15.59 38.03 
HS155 	' 0.9 	. 2.5 19.508 15.606 39.3,18 - 18.22 15.54 37.62 
HS161 1.2 . 3.7 18.931 15.546 	• 
' 	
38.847 	' ' 	 . 	 17.79 15.49 37.36 
L3 1.0 5.5 18.939 15.629. 39.108. 18.28 15.59 	, 38.24 
L19 1.0 	,  2.9 19.584 15.641 	•' '. 	39.645, 	' 	. 	 '. 18.28 . 	 15.57 37.98 
.L80 4.1 22.0 	, . 	 • 	 18.840 15.541. 38.664 , . 18.17 ' 	 15.51 37.80 
H22, 0.9 '3.9 18.905 15.588 	' 38.862 18.04 15.54 37.77 
K65 , 	 1.2 	, 3.1 . 	 19.754 15.&56 • 	 39.566 	" 	. 18.46 15.59 38.12 ' 
K78 1.0 2.5 	' 19.644 15.642 	'. • 	39.,690 	. ', 	 ' 	 .18.27 15.57 37.91 
B113 •, 	1.0 2.3 19.335 15:588 39.385 1.7.92 15.51 37.52 
CP125 0.9 2.0 19.972 15.601 '. 	39.756, 	• - '18.37 15.52 37.52 
CP'126' .1.9' 	• , 	 5.8 	' 19.315 15.567 39.202 18.22 15.51 37.79 
CP132 ' 	 2.0 5.7 , 	 20.094 15.593 	. 39.880 	• ' 18.89 15.53 38.31 
K1147 0.8 2.0 • 	 19.545 15.571 	•' : 	 39.566 ' 	 18.28 	• 15.51 37.93 
K1183 3.2 	• 10.2 . 	 18.672 15.471  ' 	 ' 	38850 	• 17.65 15.42 	• 37.53 
F198 1.1 1.5 , 	 20.592 15.629 	• 40.543 ' 	 17.77 15.48 37.01 
F199 1.2 3.4 ' 	 19.141 15.544 38.959 17.94 15.48 . 	 37.50 
CP236 0.7 4.1 , 	 18.915 15.568 	. , 	 . 38.733 	• , 	 18.31 1.54 37.95 
53.33 0.9 3.4 19.512 15.592 	. 39.399 ' . 	 18.63 15.55 38.25 
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possible exception of one sample from Kintyre (KT183) which has an 87Sr/86Sr 
ratio of 0.70545 (Table 7.1; Fig. 7.1b). This is notably higher than other initial Sr 
isotopic ratios from the province and the sample could feasibly have suffered 
minor crustal contamination. 
Initial 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb ratios are plotted against 
103/Sr, 10 2/Nd and 10/Pb in Fig. 7.2a, b and c respectively. Langmuir et al. 
(1978) showed how binary mixing between two end member compositions 
could produce linear trends on these diagrams. This is provided that the end 
member compositions are constant and no other processes such as AFC have 
been important (Chauvel and Jahn, 1984). No trends are visible in Fig. 7.2a, b 
and c. Rather, the data show a broad scatter. Sample KT183, shown in Fig. 
7.2a, plots away from the cloud of data for other samples, and if this sample is 
contaminated with-crustal material, no other analysed sample shows evidence 
of assimilation of material of similar composition. Sample KT157, one of the 
Kintyre low-K tholeiites, is clearly distinct from the other basaltic samples in 
Fig. 7.2a, having much lower Sr concentration (and therefore higher 10 3/Sr). Its 
87  Sr/ 86Sr ratio (0.70425) is not markedly different from the ratios of •other 
basaltic samples, although it appears to be slightly more radiogenic in Sr than 
the mean basalt composition. At 320 Ma its 87Sr/86Sr ratio is slightly higher 
than the bulk earth ratio (hence cSr = +1.8). Two explanations for this are 
• . possible: (1) that the sample was derived from a source with a time-integrated 
higher Rb/Sr ratio than that which produced most. of the Dinantian rocks, or (2) 
that Rb loss has resulted in insufficient age correction of the sample. The 
second possibility is probably the most likely, since the sample is slightly 
altered. In addition, KT157 has affinities with another low-K tholeiite (MV261: 
sections 6.3.1, 6.5.2). This sample appears fresh in thin section and has a 
notably low Rb/Sr ratio (0.013). It was suggested in Chapter 6 that the Kintyre 
low-K tholeiites were derived from continental lithosphere mantle. If the 
positive cSr value of KT157 is taken to reflect Rb loss, it is suggested that the 
mantle lithosphere below Kintyre has a low 87 Sr/ 86Sr ratio and may be 
isotopically indistinguishable from the sub-lithosphere mantle. This is 
supported by megacryst data (section 7.3). 
With the possible exception of KT157 and KT183, Fig. 7.2a, b and c show 
no evidence for binary mixing having generated the range of isotopic 
composition. If mixing was responsible for the observed ranges, it must have 
involved either more than two end member components or a complex interplay 
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Fig. 7.3a and b show the relationship between initial 143Nd/ 144Nd and 
147Sm/ 144Nd and between initial 87Sr/86Sr and 87Rb/86Sr. These diagrams have 
frequently been used to investigate mixing relationships and ancient 
differentiation events in the magma sources. Examples include data presented 
by Carter and Norry (1976) from the Aden volcano, whereby a positive linear 
trend on a diagram similar to Fig. 7.3a was attributed to fractionation of the 
1 
mantle source, the gradient of the linear correlation yielding an age of c. 33 Ma 
for the fractionation event. Other linear correlations on such diagrams have 
been attributed to binary mixing, in which case the gradient of the trend has no 
age significance (e.g. Vollmer, 1976; Hawkesworth and Vollmer, 1979). 
The Nd and Sr isotopic systems shown in Fig. 7.3a,b display a broad 
scatter, although it could be argued that a poor negative correlation is apparent 
• 	in Fig. 7.3b. If there is a significant negative trend in Fig. 7.3b, it cannot 
• 	represent a secondary isochron (Vollmer, 1976) and must therefore be 
interpreted as •a mixing line involving two end members with very different 
Rb/Sr ratios. However, since it has already been demonstrated that no binary 
mixing line is apparent in the 87Sr/86Sr versus 10 3/Sr diagram. (Fig. 7.2a), the 
poor negative trend observed in Fig. 7.3b is not believed to be significant. 
It is concluded therefore that the analysed samples from the Dinantian 
• province do not contain any significant component from the continental crust. 
Unfortunately, whereas the presence of a mixing line relationship in a suite of 
rocks may be good evidence for mixing of materials from more than one 
source, the lack of any such correlation may not be convincing evidence to the 
contrary, particularly since many (and not just two) chemically distinct sources 
may have been involved and since other processes such as AFC (DePaulo, 
1981) may have complicated matters. For the basaltic samples from the 
province however, Sr àoncentrations (Table 7.1) are sufficiently high that 
contamination with crustal material of low Sr concentration would have to be 
substantial for significant effect :tO be made on their Sr isotopic compositions. 
Sr concentrations of analysed trachvtic rocks are lower, but even in these, only 
one trachyte shows • any evidence for crustal contamination. Another 
consideration is that bulk assimilation of crust requires superheating of 
magmas, a feature which is not supported for the Dinantian rocks due to the 
abundance of phenocrysts in many rocks. In addition, isotopic trends in suites 
of rocks which have been attributed to crustal contamination commonly have a 
much larger range than those of the Scottish Dinantian samples (e.g. Mahoney 
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Incompatible element data discussed in Chapter 6 revealed some 
distinct regional variations, particularly in Ce/V and Zr/Nb ratios. In Figs. 7.4a,b 
and 7.5a,b Sr and Nd isotopic ratios are plotted against Ce/V and Zr/Nb in 
order to investigate whether trace element heterogeneity is reflected in 
isotopic compositions. Although there is some heterogeneity in isotopic 
compositions, much of the variation is intra-regional: little relationship is found 
with Ce/V and Zr/Nb. 
It was concluded in Chapter 6 that variations in Ce/V in the basic 
Dinantian samples were largely attributed to varying degrees of melting, 
whereas Zr/Nb was largely related to variations in the composition of the 
mantle source. If this is the case, no correlation between Ce/V and Sr or Nd 
isotopic composition should be expected, whereas some correlation may be 
anticipated between Zr/Nb and isotopic ratios. The fact that some variation in 
87Sr/86Sr and 143Nd/ 144Nd is observed suggests that the mantle source was 
slightly heterogeneous, although the lack of a good correlation with Ce/V or 
Zr/Nb suggests that this heterogeneity was not produced by mixing between 
two chemically and isotopically distinct sources. It is concluded therefore that 
the trace element variations in the basic samples are a function of degrees of 
melting superimposed on a slightly heterogeneous mantle source. 
Fig. 7.4 also shows that the low-K tholeiite, KT157, is distinct in its Ce/V 
and Zr/Nb ratios from the other basaltic rocks from the province, although its 
Sr isotopic composition is not notably different. 
7.5.1. Inter-isotope diagrams 
Pb isotopic ratios are plotted in Fig. 7.6a,b. The geochron in Fig. 7.6a 
has been constructed using the bulk earth parameters and primordial Pb data 
given in section 7.4. All samples for which Pb isotopic data have - been 
analysed are included. The data show positive correlations between 
206Pb/204Pb 207Pb/204Pb and 208Pb/204Pb and the trend is oblique to, and to the 
right of, the geochron (Fig. 7.6a). This is usual for basaltic rocks and has 
commonly been attributed to multi-stage U/Pb fractionation, perhaps involving 
loss of Pb to the core during the early fractionation history of the earth (e.g. 
Sun, 1980; Chase, 1981). 
Fig. 7.6 reveals some heterogeneity in initial Pb isotopic compositions. 
Intra-regional variation is quite large, although there is also some evidence of 
small-scale variation between regions: Fife and Bathgate lavas for example 
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have higher 206Pb/204Pb ratios. Basaltic rocks from Kelso have Pb isotopic 
compositions which are indistinguishable from those of parts of the Clyde 
Plateau and East Lothian. This is important because trace element 
compositions shown in Chapter 6 revealed that Tournaisian lavas from the 
Scottish Borders were highly distinct from the rest of the province, particularly 
in their high Zr/Nb ratio. There does not appear to be a corresponding 
distinction in isotopic composition of ToUrnaisian rocks from the Scottish 
Borders. 
Pb isotopic compositions of two Southern Uplands Lower Palaeozoic 
Sediments (SULPS; Thirlwall, 1983) are also plotted in Fig. 7.6. In a discussion 
of the composition of the Scottish lithosphere in section 7.3, it was suggested 
that much of the Midland Valley continental crust comprises sediment of 
Palaeozoic age. The SULPS data may therefore represent a rough 
approximation to the composition of the upper crust. No Pb isotopic data for 
material thought to compose the lower crust are yet available for comparison. 
The SULPS data are notably less radiogenic in Pb than most of the Dinantian 
volcanic rocks. 
The only sample believed to have been contaminated by continental 
crust is KT183. This sample has much lower 206Pb/204Pb and 207pb,204pb 
ratios than all other samples from the province and contamination with crustal 
material having a low time-integrated U/Pb ratio (and high Rb/Sr ratio: Fig. 
7.3b) may be responsible for the sample's observed composition. The fact that 
KT183 is isotopically distinct from the two SULPS samples (Fig. 7.6) suggests 
that if KT183 has been contaminated by continental crust, Southern Uplands 
sediments probably do not represent the contaminant (although more data for 
SULPS are needed to better test this hypothesis). 
A histogram of cNd values for the Dinantian samples is given in Fig. 
7.7. A value of +4.0 to +4.5 is the most commmon composition. Some minor 
inter-regional variation is apparent: samples from the Clyde Plateau, Bute and 
Kelso have relatively high cNd, lavas from Fife, Bathgate, East Lothian, 
Holyrood Park and Arran have intermediate values and samples from Kintyre 
have the lowest values. 
Fig. 7.8 shows cNd against cSr for the Dinantian suite. Almost all 
samples plot in the top left quadrant of the diagram, indicating derivation from 
a source with time-integrated LREE depletion. Analyses of Southern Uplands 
sediments and basic granulites, thought to represent components of the upper 







Fig. 7.7. Frequency distribution of cNd  values for Dinantian volcanic rocks. 
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well as megacrysts, thought to be derived from the lithospheric upper mantle, 
are included for comparison. No mixing line relationship is found with SULPS 
or with basic granulites having low time-integrated Sm/Nd. Some of the basic 
granulites with positive eNd (at 350 Ma) are isotopically similar to the Dinantian 
lavas and contamination with material of this composition could conceivably go 
unnoticed (evidence from Figs. 7.1-7.3 however, appears to preclude significant 
mixing). Megacrysts have cNd values (at 350 Ma) which are very similar to the 
observed values of volcanic rocks, and therefore do not help to constrain the 
mantle source of the latter. 
Figs. 7.7 and 7.8 reveal that the volcanic rocks from Kintyre have the 
lowest eNds values. These values are believed not to reflect contamination by 
crust (despite the occurrence of some quartzite xenoliths in the basaltic rocks 
from Kintyre: Chapter 3) due to the lack of mixing line relationships already 
discussed in section 7.5 and shown in Figs. 7.1-7.5. 
The Sr, Nd and Pb isotopic systems are combined in Fig. 7.9a,b. All 
analysed samples are incorporated. No correlation is observed between 
87Sr/86Sr or 143 Nd/144Nd and 206Pb/204Pb. Some regional variations are 
apparent however. 
7.6. Summary and discussion 
Sr, Nd and Pb isotopic compositions of selected basaltic, hawaiitic and 
trachytic rocks are presented. The 87  Sr/ 86Sr ratios of the analysed rocks are 
generally low: 0.7029-0.70545, 143Nd/ 144Nd ratios are generally high: 
0.5122-0.5125 (cNd of -0.4 to +5.6) and their 206Pb/204Pb compositions are 
moderately radiogenic: 17.65-18.89. This range of isotopic compositions is not 
believed to reflect significant contamination by continental crust, although one 
trachyte from Kintyre has tt Tovest 206Pb/204Pb and 
207Pbf204 Pla t ratios (despite no significant anomaly in 143Nd/ 144Nd) and may 
have assimilated some crustal material. 
Inter-regional variations in isotopic composition are apparent, although 
the variations are less well-defined than those observed in incompatible trace 
elements. Moreover, there is much intra-regional variation. In the case of the 
Sr isotopic compositions, a little of this variation may have resulted from 
secondary alteration, involving Rb loss; this is not however, believed to be the 
case for the Nd and Pb isotopic systems since samples analysed for Nd and Pb 
isotopic compositions were petrographically fresh. 
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magmas appears to preclude derivation from two or more separate and 
chemically distinct source reservoirs. Rather, the magmas appear to have been 
derived from a source region which was itself slightly heterogeneous. This is 
consistent with trace element evidence (Chapter 6) and suggests that observed 
trace element variations in basic samples from the Dinantian province may be a 
function of varying degrees of melting superimposed on a heterogeneous 
mantle source. 
Megacrysts believed to originate in the continental lithosphere mantle 
below the Midland Valley have Sr and Nd isotopic compositions which are 
largely indistinct from those of the Dinantian volcanic rocks. This does not 
help to constrain the mantle source of the Dinantian magmas: from comparison 
of lava and rnegacryst isotopic data, a source region in or below the 
lithosphere appears equally tenable. In fact, the similarity in isotopic 
composition between Midland Valley megacrysts and ocean island basalts 
(which are presumed to have a sub-lithospheric source) suggests that the 
distinction between lithosphere and asthenosphere in this region is merely 
physical, and that little chemical distinction can be made for this region. 
Little is known about the thickness of the continental lithosphere. 
Jordan (1978) estimated that it was very variable in thickness: being < 100 km 
in unstable regions such as the western USA but probably reaching c. 400 km 
thick beneath stable continental shields. Estimates of P-T conditions for 
various peridotite xenoliths from South African kimberlite pipes indicate that 
many of these xenoliths equilibrated at depths of 80-150 km(Harte, 1983) and 
from this Harte (op. cit.) has estimated the thickness of the continental 
lithosphere in these regions to be about 200 km. 
Ringwood (1975) and Yoder (1976) proposed that at depths less than 70 
km, spinelbearing lherzolite=assemblageswouldbestable1n 
whereas in the depth range of 70-400 km, garnet lherzolite would be stable. 
Since the majority of ultramafic xenoliths found in alkali basalts from 
continental terrains are spinel-bearing rather than garnet-bearing, the 
implication is that either the lithosphere below regions experiencing alkali 
basalt volcanism is insufficiently thick to comprise significant volumes of 
garnet lherzolite, or that alkali basalts have a sampling bias towards 
spinel-bearing assemblages. The first possibility appears more likely. Only in 
areas of thickened continental lithosphere (e.g. South Africa) does garnet 
lherzolite appear to be a significant component. 
Very little information is available for the thickness of the continental 
1A 
lithosphere below the Midland Valley and adjacent regions. The fact that no 
garnet lherzolite xenoliths have been found in the area, despite the abundance 
of spinet lherzolite, suggests that the lithosphere below the Midland Valley is 
not composed of a significant garnet-bearing assemblage. Regions such as 
South Africa where garnet lherzolite xenoliths are abundant, commonly 
comprise lithospheric mantle which is ancient and LILE-rich as well as 
isotopically enriched (e.g. Hawkesworth et al. 1983). 'However, of the data 
available for the Midland Valley region, ultramafic xenoliths and megacrysts 
give no evidence of trace element or isotopic enrichment and arguments 
discussed in section 7.3 suggest that the continental lithosphere here is 
relatively young. 
Moreover, intraplate alkali basalt volcanism in many continental settings 
has been associated with lithosphere attenuation (e.g Perrier and Ruegg, 1973 
for the French Massif Central, and Leeman (1970) for the Basin and Range, 
western USA). In the Midland Valley region, the abundance of Lower 
Carboniferous dykes suggests that lithosphere stretching may also have been 
operating during this time in Scotland. The lithosphere may consequently have 
been relatively thin. 
The observed LREE enrichments relative to HREE and Y in the Dinantian 
basalts suggest that garnet was an important phase in the mantle source of 
these magmas. Since garnet lherzolite is not considered to be a major 
component of the southern Scottish lithosphere, it is suggested that the 
Dinantian basaltic rocks were derived from a source which was predominantly, 
if not wholly, sub-tithospheric. This invites the question of how well the 
Dinantian samples compare with alkali basalts from oceanic islands and 
mid-ocean ridges, since these too are likely to have been derived from 
sub-lithospheric sources. ThisaspectisdiscussediurtherinChapter. 8.. 
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CHAPTER 8 
THE SCOTTISH DINANTIAN SUITE IN A GLOBAL CONTEXT 
8.1. Introduction 
Combined trace element and isotopic data for the Dinantian volcanic 
rocks reveal that they were derived from a source region which was chemically 
heterogeneous at the time of partial melting and which possessed a 
time-integrated LREE depletion. Comparison of the observed data with those 
for recent continental and oceanic basalts should reveal much more about the 
nature of the mantle source for Dinantian magmas as well as to place the 
Scottish suite in a wider context. Since occurrences of Palaeozoic intraplate 
rnagmatism are relatively rare (Chapter 1), comparisons with data from more 
recent volcanic rocks should also help to assess whether mantle processes and 
sources were similar in the Palaeozoic to those of the present day. For these 
reasons, this chapter is concerned with the comparison of chemical data for 
Scottish Dinan,tian basalts with published data fOr MORB, 018 and continental 
volcanic suites. 
8.2. Review of chemical and isotopic evidence for the composition of the 
earth's mantle 
Plate tectonic theory has led to the well-established concept that the 
earth's surface is composed of rigid lithospheric plates which move relative to 
the convecting asthenosphere beneath. The oceanic lithosphere is relatively 
thin (< 45 km) and young due to continued subduction at plate margins. The 
continental lithosphere on the other hand, appears to be much thicker (see 
section 7.6) and since it does not suffer subduction, large parts of it may be 
ancient. Lavas generated in oceanic settings are therefore generally believed 
to be derived from sub-lithosphere mantle sources. The situation in 
continental terrains is more complex however, due to the greater opportunity 
for contamination of melts derived from sub-lithospheric sources by 
continental crust or lithospheric mantle, or indeed, due to partial melting of the 
lithospheric mantle itself. 
Trace element and isotopic studies of oceanic basalts have revealed 
much information about the nature of the sub-lithospheric mantle, although 
many interpretations are still in dispute. Sr and Nd isotopic studies have led to 
the suggestion that MORB is derived from a depleted upper asthenosphere and 
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trace element evidence suggests that MORB is produced by relatively large 
degrees of partial melting (20-30%, Gast, 1968). The composition of MORB 
may therefore be a fairly good indication of the average composition of the 
upper asthenosphere (O'Nions et a/. 1979, 1981; Allgre et al. 1981; Fitton and 
Dunlop, 1985). The observed LREE depletion and time-integrated low Rb/Sr and 
Nd/Sm ratios (and hence low 87 Sr/ 86Sr and high 143Nd/ 144Nd ratios) are 
commonly thought to indicate that the MORB source represents the residue left 
behind after the formation of the continental crust. O'Nions et at (1979) 
calculated that depletion of c. 50% of the mantle has taken place to produce 
this crust. 
The advent of Pb isotopic analysis has significantly complicated this 
picture however, since a mantle source depleted in its basaltic components by 
previous melting events would be expected to exhibit a low time-integrated 
U/Pb ratio (since U is more incompatible in basaltic melts than Pb: Tatsumoto, 
1978) and should therefore give rise to 206Pb/204Pb and 207Pb/204Pb ratios 
which fall to the left of the geochron and below the mantle growth curve 
(Anderson, 1982a). Since this is not observed (see Fig. 8.3), it has commonly 
been concluded that the U/Pb ratio of the MORB source has fractionated at 
some time in the earth's history (either catastrophically or continually) and loss 
of Pb to the core (e.g. AIIgre et a!, 1980; Dupr6 and Allgre, 1980) or crust, or 
recycling of lithospheric material with a high U/Pb ratio in the MORB source 
(Evensen et al., 1979; O'Nions et a!, 1979) have commonly been used as 
solutions to this so-called 'Pb paradox'. 
Similar problems arise in the interpretation of the source region for OlB. 
These also possess time-integrated low Nd/Sm and Rb/Sr ratios, although they 
are not as extreme as those observed in MORB. In contrast, U/Pb ratios of 018 
are generally high, with the result that 206Pb/204Pb and 207Pb/204Pb ratios are 
significantly more radiogenic than those found in MORB (Fig. 8.3). The isotopic 
differences between MORB and 018 compositions suggest that the two 
reservoirs have been separated for long periods of time (1-2.5 Ga: Sun and 
Hanson, 1975; Tatsumoto, 1978; Sun, 1980). 
If this is the case and MORB is derived from the upper asthenosphere, 
the source region for OlB must be elsewhere. This has led to the development 
of numerous two-reservoir mantle models, invoking for example, a chemically 
stratified mantle (e.g. Schilling, 1973; Allgre et a!, 1981; Anderson, 1982a,b) or 
i5otopically distinct veins or streaks within the asthenosphere (e.g. Sleep, 
1974; Fitton and Dunlop, 1985). 
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Many proponents of the stratified mantle hypothesis argue that OIB 
lavas are derived from the deep lower mantle by plume-type activity (Morgan, 
1971; AIlgre et al.. 1981; Hofmann and White, 1982). The observation that 
some (although not all) oceanic island basalts have high 3He/4He ratios has 
been used to suggest that OIB is derived at least in part from a primordial 
lower mantle source which has not been previously degassed (e.g. Kurz et al. 
1982). The 670 km discontinuity is in this case taken to be the boundary 
between depleted (MORB-like) asthenospheric mantle and primitive mantle 
below, whereby both layers convect in separate systems. 
Anderson (1982a) also argued in favour of a stratified mantle, except in 
this case, an enriched layer of global extent was thought to exist in the 
uppermost mantle (< 200 km) with a depleted mantle at •deeper levels 
(220-670 km). Anderson (1982a) suggested that MORB represents melt material 
derived from this lower layer with little contamination from the enriched 
portion, whereas OlB contains components derived from both portions. In this 
way, Anderson (1982a) proposed that the so-called mantle array (see Fig. 8.2) 
represents a mixing line between enriched and depleted mantle. The origin of 
the mantle array as a mixing line has in fact been a popular hypothesis (e.g 
White and Hofmann, 1982; Hofmann and White, 1982; McKenzie and O'Nions, 
1983), although the fact that the Sm/Nd and Rb/Sr ratios for MORB and 018 
also have a curved negative trend implies that the 143 Nd/144Nd- 87Sr/86Sr 
correlation may equally reflect fractionation of Sm/Nd and Rb/Sr in a whole 
series of localised enrichment and depletion events in the mantle (Hawkesworth 
etal., 1984). 
The streaked asthenosphere hypothesis for the origin of OIB and MORB 
has been most recently advocated by Fitton and Dunlop (1985) and Fitton and 
James (1986). These authors argue for the presence of incompatible element 
enriched streaks within the upper mantle, which melt preferentially during small 
degrees of partial melting. Alkaline oceanic island magmas would therefore 
incorporate a significant amount of streak material, whereas large-degree melts 
(MORB tholeiites) would more reflect the average composition of the 
asthenosphere. The observed isotopic differences between MORB and OlB 
require that these incompatible element enriched streaks have been out of 
isotopic equilibrium with the bulk mantle for long periods of time. 
Other models for the source regions of OlB invoke the incorporation of 
recycled oceanic or continental lithosphere into the convecting upper mantle. 
Hofmann and White (1982) and Ringwood (1982) arguethat-0lB-maybe derived 
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from previously subducted oceanic crust which has sunk to the base of the 
asthenosphere (i.e. to the 670 km discontinuity) where it accumulated and later 
formed the source region for incompatible element enriched OlB magmas as 
ascending mantle plumes. This, they argue, may explain the common cyclicity 
of OIB magmatism. McKenzie and O'Nions (1983) on the other hand, invoke 
recycling of continental lithosphere material into the asthenosphere to explain 
the time-integrated LREE enrichment observed in some samples from 
Kerguelen and Tristan da Cunha. 
The problems inherent in the interpretation of alkali basalt (including 
018) genesis do not end there. The dichotomy between observed LILE and 
LREE enrichment and time-integrated LREE depletion (indicated by 143Nd/ 144 Nd 
ratios) in alkali basalts has long been recognised. The problem has been 
reconciled by postulating either small-degree melting of the mantle source (e.g. 
Fitton and Dunlop, 1985) or mixing between enriched and depleted mantle 
(Anderson, 1982a,b) or metasomatism of the mantle source shortly prior to 
volcanism (Lloyd and Bailey, 1975; Boettcher and O'Neil, 1980; Menzies and 
Murthy, 1980a,b; Wass and Rogers, 1980). In the latter case, relatively large 
degrees of partial melting are advocated for alkaline melt genesis (e.g. 5-20% 
for alkali basalts from Nunivak Island, Menzies and Murthy, 1980a,b). Although 
many workers have assumed that small-degree melting is an untenable 
hypothesis due to the supposed difficulty with which such melts could be 
extracted from the source, McKenzie (1985) has demonstrated that 
small-degree melts can be effectively extracted (depending on the viscosity of 
the melt) provided that the dihedral angle between crystals and melt does not 
exceed 60 0 . 
Volcanic rocks generated in continental terrains pose even more of a 
problem due to the added uncertainty of the role of the continental lithosphere 
in their genesis. Many workers have proposed on the basis of isotopic 
evidence that continental basalts are contaminated with crustal material (e.g. 
Carter et al. 1978; Carlson et al., 1981; Cox and Hawkesworth, 1985; Thompson, 
1982). Others have suggested that the continental lithospheric mantle may 
provide a significant amount of material to continental magmas (e.g. Brooks et 
al., 1976; Cox, 1983; McCulloch et al., 1983; Menzies et al., 1983; Hawkesworth 
et al., 1984). Since this lithospheric mantle is likely to be as old as the coupled 
continental crust, it may have experienced numerous trace element enrichment 
events by fluid metasomatism and/or partial melting. Hawkesworth et al. (1984) 
note that the process of metasomatism probably reflects different processes in 
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different regions, but that there is increasing evidence that, at least locally, this 
style of incompatible element enrichment may be related to subduction (e.g. 
Holm and Munksgaard, 1982; Rogers at al., 1985). Direct evidence for the 
existence of enriched lithospheric mantle has been provided by the abundance 
of incompatible-element-enriched ultramafic xenoliths, particularly from South 
African kimberlite pipes (e.g. Hawkesworth at al. 1983, 1984). It must be noted 
however, that many workers have assumed enriched lithospheric mantle to be 
the rule rather than the exception. This may be a dangerous assumption, since 
many xenoliths from kimberlites appear to be too impoverished in the major 
elements which are enriched in basalt, such that they may be incapable of 
generating basaltic melts anyway (Griffin and Murthy, 1969; Hawkesworth at al. 
1984). Nontheless, as more data become available for ultramafic xenoliths from 
other areas, it may be possible to assess whether the regions of enriched 
continental lithospheric mantle identified so far have anomalous compositions. 
Continental alkali basalts, particularly those from continental rifts, 
commonly have trace element and isotopic characteristics which are 
comparable with OlB (e.g. Allgre at a!,, 1981; Chauvel and Jahn, 1984; Fitton 
and Dunlop, 1985). Indeed, Fitton and Dunlop (1985) have demonstrated that 
basic rocks from the continental and oceanic sectors of the Cameroon line of 
West Africa have identical trace element and isotopic compositions. There is 
much evidence therefore, to suggest that many alkaline magmas do not 
significantly interact with the continental lithosphere en route to the surface 
and that the mantle source for ocean island basalts may be the same as that 
for many continental rift basalts. This is supported by the fact that many 
alkaline magmas carry ultramafic xenoliths (presumed to have been derived 
from the continental lithosphere) which are isotopically distinct from their hosts 
(e.g. Steuber and lkramuddin, 1974; Dasch and Green, 1975; Basu and Murthy, 
1977) and therefore are assumed to be accidental xenoliths rather than 
genetically-related products of the partial melting event. 
When all this information is compounded it is clear that there are many 
potential sources for basaltic melts: the continental lithosphere, asthenosphere 
or lower mantle, as well as the possibilities of recycled lithosphere within the 
asthenosphere: be it oceanic (Hofmann and White, 1982) or continental 
(McKenzie and O'Nions, 1983). Many of these arguments cannot at present be 
resolved. Perhaps for the present argument however, it should suffice to 
emphasise that there is growing evidence to suggest that many alkaline 
continental rift basalts have affinities with 01B, and- --whatever conckisionis 
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reached for the source region of OIB magmas, the arguments may in many 
cases be extended to account for continental alkali basalts too. The similarity 
has still to be demonstrated for the Scottish Dinantian magmas and will be 
dealt with in section 8.3. 
8.3. Scottish Dinantian volcanism compared with recent MORB, OIB and 
continental volcanism 
Fig. 8.1 displays normalised incompatible element diagrams for several 
continental and oceanic basalt provinces. Data for MORB, Iceland and the 
Azores are given in Fig. 8.1a (from Norry and Fitton, 1983). MORB lavas display 
the characteristic LILE depletion, whereas the oceanic island lavas are LILE 
enriched. In Fig. 8.1b, volcanic rocks from the continental and oceanic sectors 
of the West African Cameroon line (Fitton and Dunlop, 1985) indicate that the 
two groups are indistinguishable in their incompatible element contents. Fig. 
8.1c also displays data for selected Kenyan lavas (Norry and Fitton, 1983). 
These lavas are alkaline intraplate basalt and show great similarities with data 
for ocean island basalt in Fig. 8.1a. The observed LREE enrichment of these 
lavas, together with the relative Rb, Ba and K depletion and the pronounced 
peak at Nb are also very similar to the profiles observed in the Scottish 
Dinantian samples (Figs. 6.10-6.12). 
Fig. 8.1d displays a variety of profiles of continental basalt suites which 
are believed to have been significantly affected by crustal contamination 
(Thompson et a!, 1983). Many of these profiles are highly irregular, some 
having notable negative Nb anomalies. Comparisons of these profiles with 
those observed in the Dinantian lavas reveal in general little similarity. The 
Dinantian samples appear to have more in common with 018 compositions. 
Fig. 8.2 displays the cNd-ESr correlation diagram for Dinantian basaltic 
samples as well as for MORB and several ocean island basalts. As discussed in 
section 8.2, MORB and most OlB display notable time-integrated LREE depletion. 
Scottish Dinantian lavas also display this depletion and are comparable with 
many recent 018 data, especially Bouvet (O'Nions and Pankhurst, 1974; O'Nions 
et al, 1977). Some oceanic suites have slightly higher 87 Sr/ 86Sr ratios and are 
offset to the right of the so -called mantle array as a result. This is a feature 
common to lavas generated in subduction-related settings (see Chapter 9). 
Such an offset trend is not observed in most of the Dinantian volcanic rocks 
however. 
Figs. 8.3 and 8.4 display plots of Pb isotopic data for several MORB, OlB 
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and Scottish Dinantian samples. In Fig. 8.3, all data plot to the right of the 
geochron (cf. section 8.2). Comparisons of initial Pb isotopic compositions 
between volcanic suites of widely different ages are made difficult due to 
inevitable isotopic evolution of the mantle source in the time interval between 
the generation of Dinantian and recent volcanic suites. For this reason the 
Dinantian data have been age corrected to the present day assuming chondritic 
rl and K values (taken fron Zindler et a!, 1982). Age corrected data are 
enclosed by the dashed fields in Figs. 8.3 and 8.4. The Pb isotopic 
compositions of the Dinantian lavas are notably different from those of MORB 
(Figs. 8.3 and 8.4). The 207Pb/204Pb ratios of many samples are particularly 
different. This is important because significant evolution of 207Pb/204Pb ratios 
in any volcanic suite must represent an ancient process since the half-life of 
235w is significantly shorter than that of 238U. Decay of 235U to produce 207  P 
would therefore have been greater in earlier earth history and less pronounced 
in more recent times. The difference in 207Pb/204Pb ratios between MORB and 
Dinantian magmas is therefore unlikely to have been generated in the c. 350 
Ma since the production of the latter, and therefore must represent ancient 
isotopic disequilibrium between the MORB source and the source responsible 
for the Dinantian lavas. 
The similarity in Pb isotopic composition between many oceanic island 
basalts and the Scottish Dinantian magmas (especially those data age corrected 
to the present day assuming bulk earth parent/daughter ratios: Figs. 8.3 and 
8.4) are indisputable and serve to substantiate the view that many continental 
rift alkali basalts are derived from similar mantle sources to those which give 
rise to OlB melts. 
It has been demonstrated that the Scottish Dinantian lavas have trace 
element and isotopic affinities with OlB. Arguments in Chapters 6 and 7 
suggested that continental crust or lithospheric mantle were not significant 
contributors to the alkaline magmatism. However, the observed large range in 
trace element ratios in these samples could feasibly be taken as evidence for a 
heterogeneous lithosphere source, since some workers believe that effective 
convection in sub-lithosphere sources allows mixing and homogenisation with 
time (e.g. Anderson, 1982b). It must be noted however, that whilst this may be 
the case in a closed system, it is unlikely to obtain in a situation where 
constant input of isotopically distinct material is occurring (e.g. by subduction 
of oceanic crust at plate boundaries). 
The Ce/Y-Zr/Nb diagram used in Chapter 6 to demonstrate the 
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pronounced inter-regional variation in trace element ratios in the Dinantian 
province, has here been used (Fig. 8.5) to assess whether the range is 
comparable to that observed in ocean island basalts alone, or whether an 
added component from a different mantle source is required. The data in Fig. 
8.5 (J.G. Fitton and D.E. James, unpubl. data) are from several ocean islands. 
Only the extreme compositions from the Dinantian suite have been included for 
clarity and all samples are basic rocks with > 4% MgO. It is clear that the 
observed range of incompatible element ratios in Dinantian samples falls well 
within the compositional range defined by ocean island basalt data. It is 
feasible therefore, that a chemically heterogeneous mantle source similar to 
that which produces OIB lavas may adequately represent the source region for 
Dinantian continental rift basalts from Scotland, without the necessity to invoke 
additional components from the continental lithosphere to explain the trace 
element variations. The trace element and isotopic heterogeneity manifest in 
the Dinantian magmas may simply reflect on a small scale that which the 
oceanic island basalts display on a global one. 
Data from selected parts of the Hawaiian volcanic chain (Oahu, Kauai 
and Haleakala) are included in Fig. 8.5. The observed variations in Ce/V and 
Zr/Nb ratios of lavas from these islands are themselves great, and the range is 
similar to that found in the Dinantian samples. Whilst it is true that the 
Hawaiian chain represents a larger area of basaltic volcanism than the 
Dinantian province, and therefore a possibly larger potential mantle source 
volume, it must be noted that the Dinantian volcanism was prolific for c. 50 Ma 
and in the interval between the Lower Carboniferous and Lower Permian, the 
Scottish plate appears to have shifted northwards by about 15 0 of latitude 
(Smith et al. 1973; Irving, 1977). The potential volume of mantle source for the 
Dinantian magmas may therefore also have been great. Hence, it is probably 
not surprising that inter-regional chemical variations are so clearly visible. The 
velocity of motion of the Scottish plate during the Palaeozoic as well as the 
likelihood of Dinantian magmatism having been derived from convecting 
sub-lithosphere mantle may also explain why some temporal variation has been 
observed in lava composition (Fig. 6.28, section 6.6 and Macdonald, 1980), since 
at different times the volcanism was probably sampling widely dispersed 
volumes of mantle. 
The similarity in normalised incompatible element profiles, trace element 
ratios and isotopic compositions between the Dinantian basaltic rocks and OlB 
as well as more recent continental rift basalts also suggests that mantle source 
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regions during the Palaeozoic were apparently largely comparable with those in 
existence today. At least part of the Palaeozoic mantle below Scotland was 
depleted and capable of generating large volumes of mildly alkaline, 
incompatible element enriched basaltic magma. There is therefore no reason 
to suppose that processes involved in intraplate volcanism as well as the 
mahtle sources responsible for such volcanism were any different in the Lower 
Carboniferous from those occurring at present. 
8.4. Summary 
Trace element and isotopic compositions of Dinantian basaltic rocks are 
notably similar to those of many oceanic island basalts and other continental 
alkaline suites. This provides a further case for suggesting that the Dinantian 
magmas experienced little interaction with material composing the continental 
lithosphere, and a sub-lithospheric convecting mantle source (similar to that 
responsible for OlB) has therefore been invoked. 
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CHAPTER 9 
THE RELATIONSHIP BETWEEN DINANTIAN INTRAPLATE MAGMATISM 
AND ORS SUBDUCTION-RELATED MAGMATISM IN SOUTHERN SCOTLAND 
9.1. Introduction 
The emphasis in Chapter 8 was placed upon comparisons of Dinantian 
magmatism with MORB and continental and oceanic intraplate magmatism. 
Little attention was paid to the possible relationships with plate margin 
magmas. In fact, the Scottish Midland Valley provides an ideal opportunity to 
study such relationships since the Dinantian volcanic rocks are closely spatially 
related to the ORS subduction-related lavas extruded about 50 Ma earlier in 
southern Scotland. In this chapter, the chemical and isotopic relationships 
between the calc-alkaline ORS lavas and the alkaline Dinantian lavas is 
considered. 
The relationship between magmas developed at plate margins and those 
in within-plate settings has long been uncertain. Indeed, it has traditionally 
been assumed that no relationship at all exists between the two suites of 
magmas. Volcanic arc systems are chemically complex and as a result, are 
frequently omitted from chemical and isotopic models of the evolution of the 
earth's mantle. Since most workers would agree that subduction-related 
magmas are derived ultimately from the mantle, such models are incomplete 
without their incorporation. 
Early ideas concerning the origin of calc-alkaline lavas involved partial 
melting of oceanic crust modified by submarine alteration processes (Green 
and Ringwood, 1968). This is likely to contain the enrichments in K, Rb, Th, Pb, 
U and 87Sr/86Sr necessary to produce the observed concentrations in arc lavas 
(Gill, 1974; Hofmann, 1979). Recent work has however, rejected the descending 
slab as the parent of calc-alkaline magmatism, mainly on experimental grounds 
(Mysen, 1982). Instead, the mantle wedge above a subduction zone has 
become favoured as the source region for such magmas (Hawkesworth etal.. 
1979; Mysen, 1982). Metasomatism of the mantle wedge by hydrous fluids 
derived from the descending slab has been invoked to account for the 
observed enrichments in incompatible elements in these rocks (Hawkesworth et 
a!, 1979; Mysen, 1982). 
The continental lithospheric mantle has also been proposed as a 
significant component in some calc-alkaline lavas erupted into continental 
222 
terrains (Pearce, 1983). The observed variations in such elements as Nb, Ta, Hf 
and Zr in continental caic-alkaline suites appear to require the involvement of 
continental lithospheric mantle which is metasomatised and incompatible 
element enriched (Pearce, 1983). 
Alkaline magmatism in. within-plate settings (oceanic islands and 
continental rifts) has also been ascribed several mantle source regions (see 
Chapter 8). Fitton and Dunlop (1985) argue that since alkali basalts from the 
continental and oceanic sectors of the Cameroon line of West Africa are 
chemically and isotopically identical, the two suites must be derived ultimately 
from a similar mantle source. A significant contribution to the continental 
sector rocks from ancient, and possibly metasomatised continental lithosphere 
may therefore be ruled out (Fitton and Dunlop, 1985). In addition the lack of 
any relationship between location of volcanism and time in Cameroon has been 
used as evidence precluding a hot-spot model, and therefore a deep mantle 
plume origin for the alkaline magmatism (Fitton and Dunlop, 1985; Fitton and 
James, 1986). For this reason, an asthenospheric source has been postulated. 
Proponents of the mantle plume hypothesis for the origin of within-plate 
alkaline magmatism argue that the isotopic differences between oceanic islands 
and MORB have involved long-term separation (1.0-2.5 Ga) of the two source 
regions (e.g. Sun, 1980 and Chapter 8). Since the MORB source is generally 
accepted as asthenospheric, OlB sources have been attributed to partial melting 
in the lower mantle, below the 670 km discontinuity (Hofmann, 1979; AlIgre et 
al. 1981; McKenzie and O'Nions, 1983). High 3HeI4He ratios of some oceanic 
islands have also been used as evidence for partial melting in the lower mantle 
(e.g. O'Nions, 1984). 
The chemical and isotopic similarity between some OIB and alkaline 
continental rift magmas is indisputable. Therefore the proposed source region 
for such OlB lavas may also be the source region of some continental rift lavas. 
If subduction -related magmas are derived from the mantle wedge above 
a subduction zone, the implication is that such a source lies at relatively 
shallow depth within the upper mantle. Indeed, Gill (1984) argues that most arc 
magmas are probably derived from 100-200 km depth, and are unlikely to 
overlie deep-seated plumes. Also, the average depth of earthquake foci 
beneath active volcanoes at various convergent plate boundaries has been 
estimated at 136+4 km (Engdahl, 1973), this being a probable depth of partial 
melting for many subduction-related volcanic rocks. 
If a chemical and isotopic similarity can be demonstrated between 
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subduction-related magmatism and within-plate alkali basalt magmatism 
therefore, constraints may be imposed on the source of intraplate alkaline 
magmas. 
The Siluro-Devonian calc-alkaline lavas from the ORS volcanic province 
(Thirlwall, 1979, 1981, 1982, 1983) are here compared with the Dinantian 
intraplate basalts from the same region. The ORS lavas have been described 
as largely typical calc-alkaline rocks (e.g. Thirlwall, 1981), comparable with 
those developed on modern continental margins. Ni and Cr concentrations in 
some of these rocks are however, unusually high, a feature which Thirlwall 
(1983) believes to indicate their primitive nature. The high Ni and Cr lavas are 
therefore ideal for comparison with basic Dinantian rocks from the Midland 
Valley region. 
9.2. Regional tectonics 
The Midland Valley of Scotland developed as a graben structure in early 
Devonian times during subduction and final closure of the Iapetus Ocean 
(Francis, 1978b). Oblique subduction and collision between the northwesterly 
Scottish-American plate and the European plate to the southeast are thought 
to have generated pronounced strike-slip motions along major fault zones 
(Phillips et al, 1976). Thirlwall (1981) however, believes that in the British-Irish 
sector of Iapetus, subduction was slow and closure was gentle. During this 
period, lithospheric tension and subsidence, graben fOrmation and calc-alkaline 
volcanism occurred in the Midland Valley. 
Outcrops of the ORS calc-alkaline lavas are found within the Midland 
Valley rift as well as in the Scottish Highlands and the Southern Uplands. 
Within the Midland Valley itself, volcanic rocks are concentrated around the 
Montrose area, the Highland Border, the Sidlaw, Ochil, north Fife and Pentland 
Hills as well as parts of Lanarkshire and Ayrshire (Fig. 1, Thirlwall, 1981) and 
they are frequently in close proximity to the later Dinantian rocks (Fig. 9.1). 
The ORS volcanic rocks are younger than most of the Caledonian 
tectonism in Scotland. As a result, Stillman and Francis (1979) considered that 
the ORS lavas were erupted after the cessation of subduction of Iapetus 
oceanic crust. Others have, however, suggested that subduction continued into 
the early Devonian, and the volcanism was subduction-related rather than 
post-collision (Thirlwall, 1981; Phillips et at. 1976). 
Following the closure of the Iapetus Ocean, southern Scotland was no 
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Fig. 9.1. Regional distribution of Lower Carboniferous and ORS tavas in southern Scotland. 
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intraplate in character. During Carboniferous times, however, lithospheric 
tension was again experienced in the Midland Valley (Francis, 1983a,b), probably 
related to newly initiated distant subduction in Europe (De Souza, 1979). These 
renewed tensional stresses caused the reactivation of old Caledonoid basement 
structures and the Lower Carboniferous to early Permian (360-290 Ma: De 
Souza, 1982) became a period of transitional to alkaline intraplate volcanism. 
9.3. Comparison of Dinantian intraplate lavas with ORS subduction-related lavas 
9.3.1. Trace elements 
In order to avoid the obvious complications of fractional crystallisation 
processes modifying trace element concentrations, comparison of the two lava 
suites has again been restricted to compositions with > 4% MgO for the 
Carboniferous rocks, and > 100 ppm Ni and 150 ppm Cr for the ORS 
calc-alkaline rocks (basalts and andesites, taken from Thirlwall 1982, 1983). 
Fig. 9.2 shows the range of mean compositions (stippled) for Lower 
Carboniferous. lavas. Also plotted are mean data for ORS Pentland Hills and 
Fife lavas (Thirlwall, 1982, 1983). It is apparent that, like the Dinantian samples, 
calc-alkaline lavas from the Midland Valley also show pronounced incompatible 
element enrichment. The elements La through to Y show a large degree of 
overlap for the two suites, the calc-alkaline lavas falling in the lower range of 
the alkali basalt data. ORS lavas may therefore simply represent the products 
of larger degrees of partial melting than those prevalent during Carboniferous 
ma g m ati Sm. 
The most notable difference between the two suites is the pronounced 
negative Nb anomaly observed in the ORS subduction-related lavas. Low 
concentrations of Nb (and Ta) are typical of calc-alkaline suites and have 
recently been attributed to retention of a Nb-Ta-rich phase such as ilmenite, 
rutile or sphene in the mantle source region during partial melting under 
hydrous conditions (Thompson et al., 1983; Weaver and Tarney, 1983). The 
observed negative Ti anomaly in the ORS rocks also suggests retention of such 
a phase. Hydrous conditions may be expected during dehydration of a 
descending lithospheric slab at a subduction zone. Mysen (1982) described 
how dehydration of such a slab would be accompanied by metasomatism of 
the overlying mantle wedge by alkali and alkaline earth elements transported in 
the hydrous fluid. This is consistent with the enrichment in K and Rb (but not 
Ba) in the ORS relative to Carboniferous volcanic rocks. --- ----- ----- ----- -------------- 
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Fig. 9.2 shows overall similarity in incompatible element enrichments 
between the intraplate alkali basalts and the basic calc-alkaline lavas; the 
anomalies being in Rb, K and Nb. The differences between the two suites may 
be explained by a contribution from the lithospheric slab in the 
subduction-related lavas, which is absent from the intraplate basalts. Evidence 
from incompatible trace elements therefore show that the two suites of lavas 
may conceivably be derived from a single mantle source region. 
9.3.2. Isotopic data 
Thirlwall's (1983) best age estimate for most of the ORS lavas is 410 Ma. 
Lower Carboniferous rocks however, span a period from 360-320 Ma (De Souza, 
1982). The two suites are therefore separated by at least 50 Ma, with the 
result that isotopic ratios will have changed by radioactive decay between the 
two periods (see also section 8.3). The same applies when comparing 
Palaeozoic samples with recent sets of data for MORB, OIB and continental rifts. 
This makes direct comparison between data sets difficult. For this reason, the 
notation has been used, and Pb data have been recalculated to the present 
day assuming bulk earth parent/daughter ratios as a method of unification (as 
in Chapter 8). Pb isotopic compositions for Lower Carboniferous and ORS lavas 
have been corrected assuming a p value of 8.2 (Zindler et al., 1982), r of 
V/137.8 and K ( 232Th/238U) of 4.0 (Doe, 1970). 
For simplicity, only samples with low Rb/Sr ratios are considered here 
as the 87Sr/86Sr ratios are less sensitive to age correction uncertainties. The 
range in 87Sr/86Sr initial ratio observed is 0.7029-0.7046 (Table 7.1) which is 
within the range observed for oceanic island basalts (Chapter 8). 
The range in cNd values of -0.4 to +5.6 (initial 143Nd/ 144Nd of 
0.51220-0.51250: Table 7.2) is similar to many within-plate continental rift and 
oceanic island lavas (Chapter 8). As discussed in Chapter 7, there is no a priori 
reason to expect the data to have been affected by crustal contamination. 
A plot of cNd-cSr (Fig. 9.3) reveals the time-integrated LREE depletion 
relative to bulk earth of the Dinantian basic samples and the similarity to many 
other OIB suites (O'Nions and Pankhurst, 1974; O'Nions et al. 1977). They 
clearly lie within the equivalent of the present-day mantle array. 
ORS caic-alkaline lavas display a distinct linear trend on the cNd-cSr 
diagram (Fig. 9.3). The range in Nd isotopic values is similar to that of the 
Dinantian rocks, although the mean of the ORS data appears to have a slightly 
lower eNd value. The Sr is, however, considerably more radiogenic in the 
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older, subduction-related magmas. Thirlwall (1982) attributes the linear trend 
of ORS data to a mixing line between an end member plotting in the MORB or 
OIB field and another end member having radiogenic Sr and unradiogenic Nd. 
This latter end member is assumed to be a sediment component derived from 
the subducted slab (Thirlwall, 1983). Indeed, the offset to the right of the linear 
MORB and OIB array has commonly been observed in such subduction-related 
magmas (e.g. Grenada: Hawkesworth et a/. 1979: Fig. 9.3). Initial Pb isotopic 
ratios for the Dinantian basaltic samples are moderately radiogenic, the ranges 
being 17.77-18.89, 15.48-15.59 and 37.01-38.31 for 206Pb/204Pb, 207Pb/204Pb and 
208Pb/204Pb respectively (Table 7.3). 
Initial Pb isotopic variations for Dinantian lavas are plotted in Figs. 9.4 
and 9.5. Initial ratios for ORS lavas are also plotted at 410 Ma. The dashed 
and dot-dashed fields represent present day equivalent values for 
Carboniferous lavas and ORS lavas respectively, calculated using the above bulk 
earth parameters. It is immediately apparent that the Lower Carboniferous 
intraplate and ORS calc-alkaline lavas have very similar Pb isotopic 
compositions. In view of the great isotopic diversity displayed in Figs. 9.4 and 
9.5 for OlB, MORB and continental rifts in general, the scope of isotopic values 
that might be expected for ORS and Carboniferous volcanic rocks is enormous. 
The fact that the two suites plot so closely together however, implies that a 
genetic link may exist between the Carboniferous and ORS lavas. 
Fig. 9.6 shows the relationship between 206Pb/204Pb and 87Sr/86Sr for 
Dinantian and ORS samples. Data for ocean ridges, oceanic islands and the 
MORB correlation line (Hamelin et a/. 1984) are included for comparison. In the 
ORS samples, a mixing line with one end member which is radiogenic in Sr is 
again apparent. The less radiogenic Sr end member, however, appears to have 
a composition very similar, if not identical, to the Carboniferous lavas. It is 
therefore feasible that the unradiogenic Sr end member of the ORS lavas may 
be a source region isotopically similar to that responsible for the production of 
the later Carboniferous lavas. 
In Fig. 9.7, 206Pb/204Pb is plotted against cNd for Carboniferous and ORS 
lavas (initial Pb ratios and present day, using bulk earth parent/daughter ratios) 
as well as the fields for MORB, oceanic islands and other continental rifts. For 
the Carboniferous lavas no correlation is apparent between Nd and Pb isotopic 
compositions. This implies that the two isotopic systems are decoupled and is 
similar to the pattern observed in OlB (Fig. 9.7). ORS data, on the other hand, 
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and dot-dashed fields as in Fig. 9.4 and assuming a bulk earth K value. Data 
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Fig. 9.6. 206Pb/204Pb against 87Sr/86Sr variation in Dinantian, ORS and modern 
MORB, OIB, continental rift and subduction-related volcanic rocks. Data 
sources: Sun and Jahn (1975); Dupre and Allgre (1980); Norry et al. (1980); 
Allgre et al. (1981); Dupr6 et al. (1981); Cohen and O'Nions (1982b); Dupree upr et 
al. (1982); Stille et at (1983); Thirlwall (1983); Hamelin et 8/. (1984); Vidal et al. 
(1984). 
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Fig. 9.7. 206Pb/204Pb against eNd variation in Dinantian and ORS compared with 
modern MORB and intraplate lavas. Dashed and dot-dashed fields as in Fig. 
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9.7). The Carboniferous and ORS fields show significant overlap, with the ORS 
lavas revealing an apparent mixing relationship between an end member very 
similar to the source reservoir for Dinantian intraplate lavas in its Pb and Nd 
isotopic composition, and another end member relatively unradiogenic in Nd. 
Thirlwall (1983) argues against this latter end ' member being sediment 
assimilated from the continental crust and concludes that it is most feasibly 
sediment from the slab incorporated into the mantle source region during 
subduction. 
Similarities in Nd and Pb isotopic composition between the 
Carboniferous intraplate lavas and the ORS caic-alkaline lavas are therefore 
clearly visible. Only 87Sr/86Sr displays a significant difference. If the high 
87 Sr/ 86Sr ratios in the subduction-related volcanic rocks are indicative of a 
contribution from the descending slab, such a contribution is evidently missing 
from the younger, intraplate lavas. 
9.4. Implications for the source of continental rift lavas 
Allowing for the effects of added slab material, if it can be demonstrated 
that the subduction-related lavas and the intraplate lavas are chemically and 
isotopically indistinguishable, there is no necessity to invoke two separate 
mantle source regions. Since subduction-related lavas are unlikely to have 
their source below the subduction zone (Gill, 1984), they are most likely to be 
derived from the overlying mantle wedge which comprises shallow 
asthenosphere or continental lithosphere. If the argument is extended, the 
Carboniferous alkali basalts may also be derived from such a shallow source. 
The distinction between an asthenospheric source and a lithospheric 
mantle source for the Dinantian volcanic rocks is difficult (see arguments in 
section 7.6). Lherzolite nodules and megacrysts in Carboniferous diatremes 
from the Midland Valley are presumably lithospheric in origin, and have a Nd 
and Sr isotopic composition largely indistinguishable from the Carboniferous 
continental rift lavas (A.N. Halliday, pers. comm., 1985). On the other hand, the 
chemical and isotopic similarity between Lower Carboniferous lavas and many 
OIB and continental rift volcanic rocks appears to suggest a sub-lithospheric 
source since OlB lavas are unlikely to be derived from the continental 
lithosphere (but see McKenzie and O'Nions, 1983). It is concluded from the 
available data; that there is no need to invoke a deep mantle source (eg. 
below the 670 km discontinuity: AIIgre et al, 1981) for such continental rift 
lavas. 
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This hypothesis is consistent with that of Gill (1984), who recognises the 
availability of both MORB and OIB reservoirs in the uppermost mantle at 
different times for the production of alkaline and caic-alkaline lavas in Fiji. 
Also, the contention of Fitton and Dunlop (1985) that OlB lavas represent 
small-degree partial melts of asthenosphere mantle containing LILE-rich streaks 
is consistent with the conclusions derived here. 
9.5. Passive or active rifling? 
The active versus passive rifling debate (Sengàr and Burke, 1978) for the 
origin of continental rift volcanic rocks is as yet unresolved. One school of 
thought is that alkaline magmatism in continental rift terrains is initiated in the 
upper mantle as a response to lithosphere attenuation, and is therefore passive 
(e.g. McKenzie, 1978; Fitton, 1983). Alternatively, alkaline magmatism has been 
assumed to have an active role in rift valley formation by the updoming of 
lithosphere as a result of an uprising deep mantle plume activated by large 
mantle convection cells (Scholz et a!, 1971). 
Most evidence for active or passive rifling is dynamic and therefore 
usually only visible in modern rift zones. Turcotte and Emerman (1983) have 
used uplift versus subsidence to determine whether rifling is active or passive. 
Active rifts initiated by mantle plumes may produce updoming of lithosphere in 
the centre of the rift zone, whereas passive rifts may experience subsidence in 
this region due to lithosphere stretching (Turcotte and Emerman, 1983). 
Such criteria as rift valley flank uplift, high heat flow or negative gravity 
anomalies indicating low density zones of partial melting at depth (McKenzie, 
1978) are of little use when considering Palaeozoic sequences. However, much 
evidence in the geological record for the Midland Valley reveals that the centre 
of the graben during the Carboniferous was largely a region of subsidence and 
sedimentation, rather than uplift and erosion (Anderton et al., 1979; Francis, 
1983a). Sediments in the Midland Valley mostly comprise coals, limestones, 
mudstones, siltstones, sandstones and seatearths which suggest delta 
progradation into lakes and lagoons. Varying amounts of subsidence and 
sedimentation accompanied by sea level changes produced different sequences 
in different parts of the Midland Valley (Francis, 1983a). For example, the 
Lothians in the east, during Calciferous Sandstone Measures, Cementstone 
Group and Lower Limestone Group times (Dinantian), were mainly fluviatite, 
lagoonal or shallow marine environments and a thick sequence of marine 
limestones, shales, oil-shales, -- sandstones-and  -occasionalthin coal seams are 
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preserved (Francis, 1983a). In the western and central Midland Valley, thin coal, 
shale and limestone horizons are present, along with four marine limestone 
bands of Calciferous Sandstone Measures age (Francis, 1983a). 
Direct evidence for an extensional regime in the Midland Valley during 
the Lower Carboniferous is scarce; however, Macdonald (1975) and Whyte and 
MacDonald (1974) have described many of the lavas from the northern Clyde 
Plateau as fissure eruptions. Also, basic and acid dykes of Lower Carboniferous 
age from Great Cumbrae in the Firth of Clyde indicate at least local extension 
in this region. During later Carboniferous to early Permian times, two suites of 
dykes: the Westphalian to early Stephanian tholeiitic quartz-dolerites and the 
early Permian northwest-trending alkaline dykes (Francis, 1978b) indicate 
further periods of lithosphere attenuation in the Midland Valley region. 
Perhaps the most notable feature however,. is the lack of any hot-spot 
trail across the Midland Valley despite the fact that volcanism was active from 
Lower Carboniferous times right through to the early Permian, and that plate 
movements were relatively rapid during the Palaeozoic. The proposed 
northward latitudinal shift of 15 0 from the Lower Carboniferous to the Lower 
Permian (Irving, 1977) appears to have had little influence on the focus of 
volcanism (Francis, 1983b). If a deep mantle plume was responsible for the 
Carboniferous magmatism, a hot-spot trail might be expected. 
Since the volcanic rocks occur in a region which was already a zone of 
structural weakness as a result of earlier Caledonian tectonism, it is implied 
that the lithosphere was the dominant control on the location of Carboniferous 
magmatic activity. This suggests that passive rather than active rifting was 
responsible for the Carboniferous magmatic event. 
9.6. Conclusions 
Incompatible trace elements and isotopic compositions of Nd and Pb in 
Scottish Dinantian intraplate basalts and ORS calc-alkaline lavas show overall 
similarities. Anomalies occur with LILE such as K and Rb and with 87Sr/86Sr, all 
of which are higher than would be expected for simple partial melting of the 
Carboniferous alkali basalt source. The deviations may be explained by the 
incorporation of a sediment component derived from the descending slab into 
the ORS subduction-related lavas, which is absent in the later Carboniferous 
alkali basalts. The loss of this subduction component is easily accommodated 
by convection in the mantle during the c. 50 Ma time interval between the ORS 
and Lower Carboniferous magmatism. 
234 
Negative Nb anomalies are common in caic-alkaline lavas. They have 
often been explained by the retention of a Nb-bearing phase such as rutile, 
ilmenite or sphene in the mantle wedge, rendered hydrous by the influx of 
fluids such as seawater from the slab (Thompson et al. 1983; Weaver and 
Tarney, 1983). Such a hypothesis may be appropriate for the Scottish ORS 
lavas. 
Once the effects of the incorporation of slab material are extracted from 
the ORS data set, it is evident that Dinantian intraplate basalts and ORS 
calc-alkaline lavas may be derived from a similar mantle source region. 
ThirIwall (1983) argued that the incorporation of slab-derived sediment into the 
ORS lavas has affected the Nd as well as Sr isotopic composition. Since 
extrapolation of the ORS mixing line (Fig. 9.3) crosses the linear MORB and OIB 
array within the compositional field of contemporary MORB sources, Thiriwall 
(1983) suggested that the original mantle source would have been MORB-like 
(with cNd > +6). Whilst it is agreed that the Sr isotopic composition of the 
ORS. lavas has been significantly modified by incorporation of sediment from 
the slab, the Nd isotopic composition may have been less modified than 
Thirlwall (1983) advocated. Evidence from incompatible element and isotopic 
compositions suggests that rather than having a MORB-like mantle source, the 
ORS lavas (as well as the Dinantian lavas) were derived ultimately from a 
source region resembling that of OIB in its trace element and isotopic 
characteristics. 
The similarity of intraplate basalts to caic-alkaline lavas of presumably 
shallow upper mantle origin, and the lack of any hot-spot trail in the Midland 
Valley despite the longevity of volcanism and rapid Palaeozoic plate motions, 
seems to preclude a deep-seated mantle plume origin for the Carboniferous 
volcanism. It is suggested, instead, that magmatism was the result of passive 
rifting, with shallow diapiric upwelling of magma from a source region within 
the upper mantle. Magmatism may therefore have been initiated in areas of 
easy access to the surface, in zones of structural weakness. Many of these 
zones would have been already provided by the previous Caledónian tectonic 
events in southern Scotland. 
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CHAPTER 10 
SUMMARY AND CONCLUSIONS 
The Scottish, Irish and northern English Dinantian volcanic suite may best 
be described as transitional to mildly alkaline in character. Several distinct 
magmatic lineages are apparent: basic compositions ranging from basanite to 
q-normative thoteiite and evolved members ranging from trach'jte and 
phonolitic trachyte to peralkaline rhyolite. Phenocryst assemblages in the rocks 
show gradual change throughout the compositional spectrum. The most 
primitive basalts in the Dinantian suite generally contain an. olivine + 
clinopyroxene + spinel assemblage (notably the ankaramites), whilst the less 
primitive basalts are commonly also plagioclase-phyric. Basaltic hawaiites 
generally have an olivine + plagioclase + clinopyroxene + spinel assemblage, 
whilst hawailtes contain olivine + plagioclase + spinel (+ clinopyroxene) 
phenocrysts. Mugearites are only sparsely porphyritic but where phenocrysts 
occur, they are predominantly of olivine + plagioclase + spinel. Benmoreites 
have an olivine + plagioclase + spinel + alkali feldspar + clinopyroxene 
assemblage and trachytes usually contain phenocryts of alkali feldspar + spinel 
+ plagioclase + olivine + clinopyroxene. Minor phenocryst phases also include 
apatite and ilmenite which are apparent in the intermediate and evolved 
samples. Horn blende-phyric lavas are also apparent in the 
Strathaven-Eaglesham region (as well as in phonolitic trachytes from East 
Lothian). 
Where olivine phenocrysts occur, they are usually euhedral or subhedral 
Clinopyroxene phenocrysts on the other hand, show at least three different 
habits (after Russell, 1985): (i) irregular, partially resorbed, often large, unzoned 
or poorly zoned phenocrysts, with high Al and Al/Al' ratios; common in the 
basalts (especially the ankaramites) and the basaltic hawaiites; (ii) zoned (often 
sector zoned), euhedral or subhedral clinopyroxene, often glomeroporphyritic 
and showing little evidence for marginal resorption, generally with lower 
Al"/Al' ratios; common in basalts from Fife, Bathgate and Coombs Fell near 
Langhoim; and (iii) euhedral, often green clinopyroxene, common in some of the 
evolved samples. The first group of clinopyroxene phenocrysts appears to be 
the result of high-pressure crystallisation whereas the second group may be 
the product of polybaric crystallisation from high (?mantle) to low (near surface) 
pressures, but at generally lower pressures than the first group. The third 
group may have crVstallised  at low pressure in shallow near-surface magma 
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chambers. 
Spinels display a morphological continuum from irregular, partially corroded 
phenocrysts or small rounded inclusions of Al-(Cr-)spinel inside olivine or 
clinopVroxene in the basic samples, through to euhedral titanomagnetite 
phenocrysts which grade downwards in size to the groundmass opaque oxides 
in the intermediate and evolved samples. Experimental evidence (Russell, 1985) 
suggests that the Al-(Cr-)spinels grew under high-pressure conditions, which 
is substantiated by the fact that they are frequently observed as inclusions 
within corroded aluminous clinopyroxene phenocrysts (themselves believed to 
be high-pressure products). Titanomagnetite phenocrysts on the other hand, 
appear to have resulted from low-pressure crystallisation. 
Where feldspar phenocrysts are present, they frequently display complex 
zoning, sieving and occasionally corrosion. The latter feature may be attributed 
to sudden temperature or volatile pressure fluctuations in the magma during 
feldspar phenocryst growth. The minor phenocryst phases (e.g. apatite, 
ilmenite and hornblende) usually tend to be euhedral and may have crystallised 
under low-pressure conditions. 
The apparent volumetric dominance of basaltic lavas, together with the lack 
of compositional gaps in the basalt to trachyte range, suggests that fractional 
crystallisation played a major role in the evolution of the Dinantian magmas. 
The generally close agreement between major and compatible -trace element 
trends and phenocryst assemblages substantiates this view and the suite 
appears to have evolved under polvbaric conditions. CMAS projections suggest 
that samples bearing olivine + clinopyroxene + spinel (+ plagioclase) 
phenocrysts fractionated at high (and variable) pressures (c. 10 kb), whilst 
samples with an olivine + plagioclase + spinel assemblage may be the products 
of low-pressure crystallisation. This is generally consistent with the 
conclusions of Macdonald (1975) and Russell (1985). 
Some inter-regional variations in major and trace element composition 
along with phenocryst assemblages and proportions of phenocrysts, support 
Macdonald's (1975) observation of geographically distinct magmatic lineages 
although it must be noted that intra-regional variations in major and trace 
element composition are often substantial. 
A pronounced compositional gap in the trace element data between the 
trachytes and the peralkaline rhyolite (from the Eildon Hills) is inconsistent with 
fractional crystallisation as well as with secondary alteration and crustal 
melting, and may instead be related to volatile transfer in a chemically zoned 
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magma chamber. 
The ankaramites from Arran, Kintyre and East Lothian and the basalts from 
Fife and Bathgate appear to be the most primitive samples in the suite. Whilst 
a few of the ankaramites may have slightly elevated Mg-values due to olivine 
phenocryst accumulation, many may represent liquid compositions. Most 
basalts from the Dinantian suite have Mg-values too low to have been in 
equilibrium with the estimated mantle composition of Frey et al. (1978) and 
may consequently only represent primary magmas if their source region was 
significantly more Fe-rich than the Frey et at (1978) estimate. 
Several lines of evidence suggest-that the Dinantian magmas evolved under 
oxidising (high pH 20) conditions. Many of the basalts and basaltic hawaiites 
contain very calcic plagioclase phenocrysts (up to An 85) and some of the 
trachytes from East Lothian appear to have been in sub-solvus equilibrium. 
The prevalence of hydrous magmas is also suggested by the lack of Fe 
enrichment trends in samples from many regions, along with the abundance of 
hornblende phenocrysts in the intermediate and evolved samples from the 
Strathaven-Eaglesham region. In addition, the lack of negative Eu anomalies in 
many samples of intermediate composition, despite negative Sr anomalies and 
major and trace element evidence for plagioclase fractionation in these 
samples, suggests that Eu was present in the trivalent form (i.e. oxidised) and 
was essentially incompatible until protracted fractionation of feldspar (including 
alkali feldspar) occurred in the trachytes. 
Considerable inter-regional variations in incompatible trace elements are 
apparent in the basic samples (> 4% MgO). Whilst some of the variation may 
be attributed to fractional crystallisation and varying degrees of partial melting, 
not all of the variation may be explained in this way. Models of partial melting 
using Ce/V and Zr/Nb ratios reveal that the inter-regional variations may best 
be explained by partial melting of a source region which was chemically 
heterogeneous, particularly in its Zr and Nb concentrations. 
Low K concentrations (reflected by negative K anomalies in normalised 
incompatible element profiles) suggest that a K-bearing phase such as 
phiogopite may have been present in the source of some magmas or that it 
may have been a ubiquitous accessory phase which was retained in the mantle 
for small degrees of melting but was consumed in larger-degree melts. 
Some of the Kintyre basalts are unique among the Scottish Diriantian suite 
in being low-K tholeiites. They have low LREE and LILE concentrations and 
negative Nb anomalies. Their low-- -Rb/Sr .and Rb/Yratios as- wellas LREE 
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concentrations suggest that they have not been significantly affected by crustal 
contamination, although few isotopic data are available to test this hypothesis. 
It is tentatively suggested that the two low-K tholeiites sampled were derived 
by relatively large degrees of partial melting of an incompatible element 
depleted lherzolite source within the lithospheric mantle. 
Regional variations in isotopic composition are also apparent, although 
these are less well-defined than the trace element variations. Indeed, 
intra-regional variations are often substantial. Initial 87 Sr/ 86Sr ratios are 
generally low (0.7029-0.70545), 143Nd/144Nd ratios are high (0.5122-0.5125; 
cNd of -0.4 to +5.6) and 206  Pb/  204  Pb t ratios are moderately radiogenic 
(17.65-18.89). These variations do not appear to reflect substantial crustal 
contamination (although one trachyte from Kintyre has the highest 87  Sr/ 86Sr 
and lowest 206Pb/204Pb ratios observed and may have assimilated some crustal 
material). The range of isotopic compositions determined for the Dinantian 
suite is consistent with derivation from a source which was heterogeneous at 
the time of partial melting. 
Comparison of isotopic data for the Dinantian lavas with the few available 
data for Midland Valley spinel lherzolites and megacrysts of presumed 
lithospheric mantle origin reveals little difference and gives little information 
about whether the source for the Dinantian alkaline magmas was located in or 
below the continental lithospheric mantle. However, the fact that the basic 
Dinantian samples display LILE and LREE enrichments as well as isotopic 
compositions typical of alkali basalts from many other continental rifts and 
oceanic islands suggests that the mantle source was chemically similar to that 
which produces 018. Since OIB is unlikely to be derived by partial melting of 
lithospheric mantle, its source must be asthenospheric or sub-asthenospheric. 
This may also apply to the source of the Dinantian magmas. 
Further constraints on the source of Dinantian samples are provided by 
comparison with the ORS calc-alkaline lavas erupted in. and around the Midland 
Valley c. 50 Ma earlier, during subduction of the Iapetus oceanic crust. The 
two suites of lavas reveal significant trace element and isotopic similarity. 
Much overlap occurs in Nd and Pb isotopic composition, whereas Sr isotopic 
signatures are more radiogenic in the older caic-alkaline lavas. This feature, 
combined with the higher concentrations of K and Rb in the subduction- related 
lavas may be explained by the incorporation of a sediment component derived 
from the subducted slab. The pronounced differences in Nb concentration in 
the two suites may be explained by the retention of a Nb-bearing phase in the 
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mantle during hydrous melting of the mantle wedge above the subduction 
zone. This appears to have had significant effect on the calc-alkaline lavas but 
was not important in the later binantian alkali basalts. 
Allowing for the effects of the added subduction component, there appears 
to be no need to invoke separate mantle sources for these two suites of lavas 
and it is suggested that they were derived from chemically similar portions of 
mantle. CaIc-alkaline lavas are commonly considered to be partial melts from 
the mantle wedge above a subduction zone and by implication must be derived 
from relatively shallow upper mantle sources. The observed similarity of the 
intraplate alkali basalts with the older calc-alkaline lavas of presumably shallow 
upper mantle origin therefore appears toargue against a deep-seated mantle 
plume origin for the Dinantian magmatism. It is proposed instead, that the 
volcanism was a result of passive rifting with shallow diapiric upwelling of 
magma from a source region within the upper mantle. The lack of any obvious 
remnant subducted slab component in the Dinantian samples appears to be 
strong evidence for effective convection in the mantle source and is a powerful 
indication that convecting upper asthenosphere represented the principal 
source of the Dinantian alkaline melts. 
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APPENDIX I 
UST OF SAMPLES, UTHOLOGIES AND LOCALITIES 
Sample Lithology Grid Ref. Locality Ptienocrysts 
Al B flow NS 018 429 Alt Nan Larach Burn, Corrie. Arran ol cpx 
A3 AB flow NS 018 429 Uisg Nam Fear Burn, Corrie, Arran ol cpx sp 
A5 B flow NS 023 439 Carrie shore. Arran ol 
A6 AB flow NS 023 439 Corrie shore, Arran 01 cpx sp 
A7 AB flow NS 022 439 Carrie shore, Arran 01 cpx sp 
A8 AB flow NS 022 439 Carrie share. Arran ol cpx sp 
A9 AB flow NS 023 439 Carrie shore, Arran ol cpx sp 
AlO AB flow 	. NS 023 438 Corrie shore, Arran al cpx sp 
Al 1 AB flow NS 023 438 Corrie shore. Arran ol cpx sp 
Al2 BAS flow NS 023 437 Corrie shore. Arran ol 
A13 B flaw NS 018 429 Alt Nan Larach Burn, W of Corrie, Arran ol sp 
GC1 B flow NY 127 324 E of Wood Hall House, Cockermouth, Cumbria ol cpx p1 
GC2 B flaw NY 126 324 E of Wood Hall House, Cockermouth ol cpx p1 
GC3 B flaw NY 124 325 Top of Wood Hall escarpment. Cockermouth .-ol cpx 
GC4 BH plug NT 647 397 Lurgie Craigs. Kelso ol cpx p1 sp 
GC5 T plug NT 554 330 North Eildon Hill, Melrose af sp 
GC6 T plug NT 555 331 North Eildon Hill, Melrose af sp 
GC7 R intrusion NT 548 322 Mid ElIdon Hill, Melrose ne 
GC8 T plug NT 547 323 Upper part of Mid Eildon Hill. Melrose af sp 
GC10 BH plug NT 624 191 Dunion Hill, 5km SW of Jedburgh 01 cpx p1 sp 
GC11 BH flow NY 186 788 Birrenswark Hill. Dumfriesshire ol p1 
GC12 B plug NY 429 895 Coombs Fell, near Langholm ol cpx sp 
GC13 BH plug NT 581 156 Rubers Law, 8km SW of Jedburgh al cpx p1 
GC14 H flow 0 138 416 Ballycastle Bay, Antrim 01 p1 
GC15 H flow D 138 415 Ballycastle Bay. Antrim ol p1 
H514 B plug NT 274 725 Samson's Ribs, Holyrood Park. Edinburgh ol cpx p1 
HS15 B flow NS 653 900 Boquhan Burn, Fintry Hills 01 p1 
H516 M flow NS 653 900 Boquhan Burn, Fintry Hills ol p1 sp 
HS17 B flow NS 652 898 Boquhan Burn, Fintry Hills ol p1 
HS18 B flow NS 651 897 Boquhan Burn ol p1 
HS19 BH flow NS 651 897 Boquhan Burn al p1 
HS20 H flaw NS 650 896 Boquhan Burn ol p1 s  
HS21 H flow NS 647 897 Boquhan Burn 	. ol p1 s  
HS47 T dyke NS 177 546 Keppel Pier, Great Cumbrae 	 . af 
HS54 T plug NT 555 330 Summit of Eildon North Hill. Melrose af sp qz 
HS56 T plug NT 585 370 Black Hill, near Earlston af 
HS63 H intrusion NT 132 665 Kaimes quarry, near Balerno ol cpx p1 sp 
HS76 B flow NS 646 443 Caldergreen, near Strathaven ol cpx p1 sp 
HS82 H flow NS 632 434 Brock Burn, near Strathaven ol cpx p1 hbl sp 
HS91 B flow NT 023 739 Longmuir Plantation, near Bathgate àl cpx 
HS94 BAS flaw NS 985 738 Kipps Hill. near Bathgate ol cpx sp 
HS105 BH plug NS 606 867 Dunmore, near Fintry ol 
HS107 H plug NS 635 846 Oungoil, near Fintry ol 
HS115b BH flow NS 245 531 500m S of Cock Law, Kilbirnie Hills 01 
HS116 H flow NS 245 535 Cock Law, Kilbirnie Hills ol p1 sp 
HS117 BH flow NS 245 579 Blairpark. Renfrewshire Hills ol p1 sp 
HS125 B flow. NT 004 414 Arthurshiels quarry, near Carnwath ol p1 
HS127 B intrusion NT 005 476 Kersemains quarry, near Carnwath ol 
HS128 B flow NS 737 443 Hazeldean, near Strathaven ol 
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Sample Lithology Grid Ref. Locality Phenocrysts 
HS148 H plug NS 492 831 Meikle Caldon, Kilpatrick Hills ol p1 
HS149 H plug NS 401 743 Dumbarton Rock ol p1 sp 
HS151 AS intrusion NT 276 738 Whinny Hill, Holyrood Park ol cpx 
HS154 B intrusion NT 282 726 Duddingston, Holyrood Park cpx p1 sp 
HS155 B plug NT 278 727 Lions's Haunch, Holyrood Park ol cpx p1 sp 
HS158 AS flow NT 228 702 Craiglockhart Hill. Edinburgh ol cpx 
HS160 B plug NT 235 868 The Binn, Burntisland, Fife 01 
HS161 B plug NT 235 870 The Binn, Burntisland 01 
Li T flow NT 516 840 Dirleton Castle, East Lothian cpx af p1 qz sp 
L2 AS plug NT 636 813 St. Baidred's Cradle, East Lothian ol cpx sp 
L3 AS plug NT 636 813 St. Baldred's Cradle, East Lothian of cpx sp 
L7 M flow NT 555 858 North Berwick harbour, East Lothian ol 
L9 B flow NT 555 857 North Berwick harbour, East Lothian ol cpx p1 
Lii B flow NT 595 816 Quarry above Whitekirk, East Lothian ol cpx p1 
L12 BH flow NT 592 816 lOOm W:of Whitekirk village, East Lothian ol cpx p1 
L13 BH flow NT 592 816 lOOm W of Whitekirk, East Lothian ol cpx p1 
L14 	. H flow NT 593 772 River Tyne, East Linton Bridge ol p1 sp 
L15 B flow NT 575 758 River Tyne, 300m E of Hailes Castle ol cpx p1 
L16 H flaw NT 570 757 1km W of Hailes Castle, East Lothian ol p1 so 
L17 M flow NT 590 757 Traprain Farm. .1km NE of Traprain Law - 
L18 B flow NT 548 756 Kippielaw Farm, 1km N of Traprain Law 01 p1 
L19 AS flow NT 575 730 Balfour Monument. Traprain ol cpx sp 
E20 AS flow NT 228 702 Wester Craiglockhart Hill, Edinburgh 01 cpx 
CP21 AS plug NT 070 490 Dunsyre Hill, near Carnwath. Lanarkshire ol cpx 
N22 B plug NT 251 734 Castle Rock. Edinburgh ol S 
1-123 B flow NT 2748 7360 Flow 1, Whinny Hill, Holyrood Park ol cpx p1 sp 
H24 AS flow NT 2758 7368 Flow 3, Whinny Hill ol cpx sp 
H25 AS flow NT 2752 7366 Flow 2, Whinny Hill ol cpx sp 
H26 B flow NT 2760 7370 Flow 3, Whinny Hill ol cpx 
1-128 B plug NT 2813 7307 Dunsapie Hill, Holyrood Park ol cpx p1 sp 
H29 B intrusion NT 2828 7259 Duddingston intrusion, Holyrood Park cpx p1 sp 
H30 B intrusion NT 2795 7259 Girnal Craig, Holyrood Park ol cpx p1 
H31 B plug NT 2739 7248 Samson's Ribs, Holyrood Park ol cpx p1 
H32 H 	sill NT 2739 7317 The Dasses, Holyrood Park 01 p1 sp ap 
H33 B 	sill NT 2744 7321 The Dasses p1 sp 
H34 B flow NT 2768 7327 Flow 4, E of Dry Dam, Holyrood Park ol 
H35 AS intrusion NT 2781 7335 Whinny Hill, Holyrood Park 61 cpx 
H37 B plug NT 2753 7297 Lion's Head Holyrood Park ol 
H38 B plug NT 2777 7291 Lion's Haunch, Holyrood Park ol cpx p1 sp ap 
H39 B intrusion NT 2773 7312 S of Whinny Hill, 200m W of Dunsapie Loch ol cpx p1 sp 
H40 B flow NT 2785 7323 Flow 4, Whinny Hill of p1 
H41 B flow NT 2777 7324 Flow 5, Whinny Hill ol p1 sp 
1-442 B flow NT 2792 7326 Flow 7, Whinny Hill ol 
H43 H 	sill NT 2730 7357 The Dasses, Holyrood Park p1 sp 
H44 H flow NT 2781 7399 Flow 8. NE of St. Margaret's Loch ol p1 
H45 H flow NT 2792 7405 Flow 9, Whinny Hill ol p1 
H46 H flow NT 2778 7400 Flow 8, Whinny Hill ol p1 sp 
H47 B flow NT 2811 7393 Flow 10, Whinny Hill ol cpx p1 sp 
H48 H flow NT 2627 7408 Flow 4, Calton Hill, Edinburgh ol p1 
H51 H flow NT 2625 7437 Flow 5, Calton Hill ol p1 sp 
H52 H flow NT 2616 7418 Flow 4?, Calton Hill ol p1 sp 
H53 H flow NT 2613 7411 Flow 3, Calton Hill 	 . ol p1 sp 
H54 H flow NT 2627 7407 Flow 4, Calton Hill • ol p1 sp 
H55 H flow NT 2628 7409 Flow 5, Calton Hill 	
: 
ol p1 
S71662 M flow NT 282 743 Flow 11, Parson's Green, near Holyrood Park p1 sp 
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1(56 BH intrusion? NT 659 469 Hexpathdean quarry, Greenlaw. Kelso oP 
1(57 H flow NT 735 466 Blackadder Water, Lintmill Bridge. Kelso oP p1 sp 
K58 BH flow NT 732 463 Blackadder Water. near Lintmill Bridge, Kelso oP p1 
K59 H flow NT 731 464 Blackadder Water 01 p1 
1(60 H flow NT 729 463 Blackadder Water oP pP sp 
K61 B flow NT 729 463 Blackadder Water oP pP 
1(62 BH flow NT 730 463 Blackadder Water oP p1 
1(63 H plug NT 702 416 Hume Castle, near Kelso ol pP 
1(64 BH plug NT 687 400 Hareheugh Craigs quarry, near Kelso ol pP 
1(65 H plug NT 689 400 Hareheugh Craigs, near Kelso ol cpx p1 sp 
K66 H plug NT 690 396 Hareheugh Craigs. near Kelso ol cpx p1 sp 
1(67 B 	sill NT 651 438 Gordon, near Greenlaw. Kelso oP 
K68 BH intrusion NT 651 426 Hareford Burn, near Greenlaw oP cpx pP 
K69 B intrusion - NT 665 381 Girrick Farm, Kelso oP cpx p1 sp 
K71 H flow NT 665 374 N bank of Eden Water, near Kelso 01 pP 
K72 •BH flow NT 666 374 N bank of Eden Water, near Kelso oP pP 
K73 H flow NT 665 374 N Eden Water, near Kelso ol pP 
K74 H flow NT 664 374 N bank of Eden Water, near Kelso oP pP sp 
1(75 H flow NT 669 372 Eden Water, near Kelso of p1 
K77 BH flow NT 669 372 Eden Water, near Kelso ol 	p1 
K78 BH plug NT 638 347 Smailholm Tower, Kelso ol cpx pi 
1(79 B intrusion NT 615 358 Brotherston Farm, near Kelso ol p1 
180 T flow NT 488 752 Bangly quarry, near Haddington, East Lothian af p1 ap sp ilm 
L81 T flow NT 507 764 Skid Hill quarry, Garleton Hills, East Lothian ' cpx af sp 
L82 T intrusion NT 571 767 New Markle quarry. Pencraig Wood af ap sp 
L83 AB flow NT 579 775 Markle, W of railway, East Lothian oP cpx sp 
L84 AB flow NT 579 772 Markle pond, near East Linton, East Lothian oP cpx p1 sp 
185 BH flow NT 583 774 400m W of East Linton, near Markle quarry ol cpx p1 
L86 .M flow NT 580 774 Markle, East Lothian oP sp ap 
L87 T intrusion NT 573 765 Pencraig Wood quarry, East Lothian - 
L88 H flow NT 586 781 Track above Drylawhill, East Lothian ol p1 sp ap 
L89 M flow NT 582 806 Bankhead Farm, W of Whitekirk ol 
190 BH flow NT 592 817 Top of Whitekirk Hill, East Lothian ol p1 
L91 BH flow NT 593 818 Whitekirk Hill, East Lothian ol cpx p1 
L92 B flow NT 594 819 Whitekirk Hill, East Lothian ol cpx p1 
L93 BH flow NT 594 820 Whitekirk Hill, East Lothian ol cpx pP 
194 BH flow NT 594 821 Whitekirk Hill, East Lothian oP p1 sp 
L95 B flow NT 595 822 Whitekirk Hill, East Lothian oP p1 
196 H flow NT 512 863 Yellowcraig, near North Berwick, East Lothian ol p1 sp 
197 H flow NT 508 861 Yellowcraig, by power cable ol p1 sp 
199 8 flow NT 593 761 200m NE of Traprain Law, East Lothian ol cpx p1 sp 
1100 B flow NT 591 755 Sunningdale Farm, East Lothian 01 cpx p1 sp 
1101 B flow NT 592 757 Traprain Farm, East Lothian ol cpx pP sp 
1102 H flow NT 573 757 - 	 Hailes Castle, East Lothian oP pP sp 
BASS PT plug NT 602 873 Bass Rock. Firth of Forth - 
B103 B flow NT 016 736 Riccarton Hills. near Bathgate oP cpx sp 
8104 B flow NT 016 729 Quarry, 300m E of North Mains. Bathgate of 
B107 B flow NS 991 710 South Knock Monument, Bathgate Hills oP cpx 
8110 B flow NT 003 724 lOOm W of Mid Tartraven, Bathgate Hills ol cpx p1 sp 
8111 B flow NT 001 726 60m N of Tartraven, Bathgate oP cpx 
B112 BAS flow NS 996 725 lOOm E of Craigmailling. Bathgate oP cpx pP 
8113 B flow NS 994 723 Beecraig, lOOm SW of Craigmailling, Bathgate ol cpx 
8114 B flow NS 994 724 lOOm SW of Craigmailling. Bathgate ol cpx 
8115 B flow NS 978 718 Stream, W of Hilderston Hill, Bathgate 	- ol cpx pP 
8116 8 flow NS 981 715 Cairnpappie Hill, Bathgate oP cpx 
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B117 B flow NS 982 715 Cairnpapple Hill. Bathgate ol cpx 
8118 B flow NS 982 714 Cairnpapple Hill, Bathgate ol cpx 
B119 B flow NS 982 712 Cairnpapple Hill, Bathgate 01 cpx 
CP121 B flow NS 652 496 Millwell, 1km NW Cladance Moss, Strathaven 01 cpx p1 sp 
CP122 B flow NS 646 450 Little Calder. near Strathaven 01 cpx 
CP123 H flow NS 647 449 Little Calder, 1100m N of Tackhouse ol p1 sp 
CP124 H flow NS 647 447 Little Calder, 11 00m N of Tackhouse ol cpx p1 sp 
CP125 B flow NS 647 447 Little Calder, 1100m N of Tackhouse ol cpx p1 sp 
CP126 H flow NS 646 443 Caldergreen Farm, Little Calder. Strathaven ol cpx p1 sp 
CP129 AB flow? NS 644 437 Little Calder, 300m W of Tackhouse ol cpx sp 
CP130 T clast in tuff NS 645 434 Little Calder, 200m SW of Tackhouse cpx af sp ap 
CP131 B flow NS 645 434 Little Calder, 600m S of Tackhouse 01 cpx p1 sp 
CP132 H plug NS 610 378 Loudon Hill, 4km E of Darvel. near Strathaven ol cpx p1 sp hbl 
CP135 BEN plug? NS 633 431 Quarry, 200m S of E. Browncastle. Strathaven .cpx hbl af sp 
CP136 B flow NS 688 478 250m N of Hairlaw Farm. near Strathaven ol cpx p1 sp 
CP138 SH flow NS 686 474 Hairlaw Farm. near Strathaven ol cpx p1 sp 
CP139 H flow NS 690 425 Avon Water, 3km SW of Strathaven ol p1 
CP140 BH flow NS 689 425 Avon Water, 3km SW of Strathaven ol cpx hbl p1 
CP141 B flow NS 687 426 Avon Water. Strathaven ol cpx sp 
CP142 B flow NS 685 425 Avon Water, Strathaven ol cpx p1 sp 
CP143 B flow NS 683 406 Lochar Water, 400m SE of Redding, Strathaven ol cpx p1 sp 
CP144 H flow 	. NS 660 420 200m W of Caldermill, near Strathaven 01 	p1 
CP145 B flow NS 658 421 Calder Water, 400m SW of Todcastle ol cp 
HBL H flow? NS 627 482 High Cleuchearn Farm, NE of East Kilbride ol cpx p1 hbl sp 
KT146 M flow NR 706 232 1km SW of Ballywilline Hill. south Kintyre - 
KT147 AB erratic NR 661 174 NW of Terfergus Hill, Kintyre ol cpx sp 
KT148 BH flow NR 705 230. 1200m SW of Ballywilline Hill, Kintyre ol p1 sp 
KT149 .BH flow NR 704 229 400m NW of Auchaleck Farm, Kintyre p1 sp 
KT150 H flow NR 705 227 SW of Ballywilline Hill. Kintyre 01 p1 sp 
KT151 H flow NR 707 228 Ballywilline Farm. Kintyre ol p1 sp 
KT152 BEN flow NR 710 230 200m W of Upper Ballywilline ol p1 sp 
KT153 I flow NR 711 223 Quarry, lOOm S of Auchalochy Burn ol? af sp ap 
KT154 T intrusion NR 631 191 Quarry, 1km E of Ballygroggan Farm ol? af sp 
KT155 B dyke NR 624 197 Machrihanish shore, Kintyre ol p1 sp 
KT156 H dyke NR 624 197 Machrihanish share ol cpx p1 sp 
KT157 LKB dyke NR 624 197 Machrihanish shore - 
KT158 B flow NR 626 198 Machrihanish shore ol? 
KT160 AB plug? NR 626 201 Machrihanish shore ol cpx p1 sp 
KT161 H plug? NR 627 207 Machrihanish shore. lOOm NE of Uisaed ol p1 sp 
KT162 H flow NR 628 206 Machrihanish shore ol p1 sp 
KT163 BH flow NR 629 209 Machrihanish shore ol p1 sp 
KT164 I flow NR 630 208 Machrihanish shore ol af sp 
K1165 BEN flow NR 656 191 Quarry, 2km NW of Ter fergus Hill cpx p1 sp ap 
KT169 H flow NR 664 177 400m N of Terfergus Hill ol p1 
KT170 H flow NR 665 177 400m N of Terfergus Hill ol cpx p1 
KT171 AB flow NR 665 176 300m N of Terfergus Hill summit ol cpx 
KT172 AB flow NR 664 175 200m N of Terfergus Hill summit 01 cpx sp 
KT173 B flow NR 665 170 1 	50 S of Terfergus Hill summit ol 
KT174 AB flow NR 666 171 1 00 S of Terfergus Hill 01 cpx sp 
KT175 H plug NR 663 169 400m S of Terfergus Hill p1 
KT176 H flow NR 666 167 600m S of Terfergus Hill o1 p1 sp ap 
KT177 B flow NR 684 160 - 	 350m N of Old Quarry; Killellan 	 . ol cpx 
KT178 B flow NR 687 160 1km SW of Black Hill, Kintyre 	- 	 . ol cpx p1 
KT179 BEN flow NR 691 163 Black Hill, 1km S of Chiscan Water, Kintyre af 
KT180 B flow NR 690 162 Black Hill. Kintyre ol pI 
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KT181 B flow NA 690 161 Black Hill, Kintyre ol cpx p1 sp 
KT182 B flow NA 691 159 500m S of Black Hill. Kintyre ol cpx p1 
KT183 T plug NA 684 156 Old quarry, Killellan. Kintyre ol? cpx sp af ap 
KT187 B flow NA 724 095 500m S of Corachan Burn, Kintyre of 
KT188 BH flow NA 723 097 SOOm S of Corachan Burn. Kintyre ol 
KT189 B flow NA 723 081 Southend shore. Kintyre ol 
KT19O BH flow NA 716 075 Cove Point, Southend, Kintyre 01 
KT 191 H flow NA 713 074 Cove Point, Southend. Kintyre ol p1 
KT192 B flow NA 711 074 Cove Point. Southend oP sp 
KT193 B flow? NR 754 214 Macringan's Point, near Campbeltown. Kintyre ol cpx pP 
MV261 LKB flow NA 635 178 500m SW of Skerry Fell. Machrihanish - 
F194 B flow NT 262 863 300m W of Kinghorn harbour, Fife ol cpx 
F195 B flow NT 265 862 Harbour office. Kinghorn, Fife ol cpx 
F196 B flow NT 267 861 Kinghorn harbour. Fife oP 
F197 B flow NT 265 861 Kinghorn harbour oP 
F198 B flow NT 267 861 Pettycur. Kinghorn shore ol cpx sp 
F199 B flow NT 268861 Kinghorn shore oP cpx sp 
F200 B flow NT 269 861 Kinghorn shore 	 . ol cpx p1 sp 
F201 B flow NT 270 861 Kinghorn shore ol cpx 
F202 B flow NT 270 862 Kinghorn Ness ol cpx 
F203 B flow NT 270 862 Kinghorn shore ol cpx 
F204 B flow NT 270 863 Kinghorn shore ol cpx 
F205 B flow NT 270 863 Kinghorn shore ol 
F206 B flow NT 270 863 Kinghorn beach oP 
F207 B flow NT 270 864 Kinghorn beach ol 
F209 B flow NT 270 865 Kinghorn beach oP 
F210 B flow NT 270 866 Kinghorn beach, 300m S of railway station of cpx 
F211 B flow NT 272 868 Hummel Rocks, Kinghorn oP 
F212 B flow NT 273 869 Hummel rocks, Kinghorn oP 
F213 B flow NT 273 869 Abden Rocks. Kinghorn oP 
F214 B flow NT 273 869 Abden Rocks. King horn ol 
F215 B flow NT 274 869 Shore, 200m N of Kinghorn ol 
F216 BH flow NT 273 870 Shore, 300m N of Kinghorn ol 
F217 B flow NT 273 871 Kinghorn shore 	. ol cpx p1 
F218 B flow NT 274 873 Kinghorn shore ol cpx p1 
F220 B flow NT 276 875 Kinghorn shore ol 
F221 BH flow NT 277 878 Kinghorn shore ol sp 
F222 B flow NT 278 881 Kinghorn shore, 200m S of Seafield ol 
K224 B flow NT 674 316 River Tweed, 200m SE of Makerstoun, Kelso oP p1 
K225 H flow NT 678 318 River Tweed, 800m E of Makerstoun oP p1 
K226 BH flow NT 685 325 River Tweed. Kelso ol PP 
K227 BH flow NT 686 326 River Tweed, Kelso oP p1 
K228 BH flow NT 704 316 River Teviot, 200mN Roxburgh Mill, Kelso oP pP 
K231 BH plug NT 703 378 1 	k SW of Stichill, near Kelso ol cpx p1 sp 
K232 H intrusion NT 712 382 Stichill. near Kelso ol cpx p1 sp 
K233 BH flow NT 716 387 800m NE of Stichill. near Kelso ol 
CP234 B flow NS 616 801 Campsie Glen. near Lennoxtown ol 
CP236 H flow NS 619 801 Campsie Glen, scarp to E of car park ol 	PP 
CP237 H flow NS 621 802 Campsie Glen, scarp to E of car park oP p1 sp 
CP238 H flow NS 621 801 Campsie Glen ol p1 sp 
CP239 B flow NS 622 800 Campsie Glen ol 	p1 
CP240 H flow NS 623 800 Carnpsie Glen - 
CP241 H flow NS 623 799 Campsie Glen oP PP SP 
CP242 H flow? NS 617 811 Alvain Burn, 500m N of Campsie Glen oP p1 sp 
CP243 BEN flow NS 617 811 Alvain Burn sp 
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CP244 B flow NS 616 812 Alvain Burn, 600m N of Campsie Glen 01 p1 
CP245 H flow NS 617 808 Alvain Burn, 300m N of Campsie Glen 01 p1 sp 
CP246 B flow NS 617 808 Alvain Burn, 300m N of Campsie Glen 01 p1 sp 
CP248 H flow NS 618 807 Alvain Burn, 250m N of Campsie Glen ol p 1  sp 
CP249 BH flow NS 618 805 Alvain Burn, lOOm N of Campsie Glen ol p1 sp 
CP250 BH flow NS 617 804 Alvain Burn ol 	p1 
CP252 B flow NS 616 804 Campsie Glen, confluence with Alvain Burn ol 	p1 
CP254 B flow NS 615 803 Campsie Glen. lOOm W of Jamie Wright's Well 'ol 	p1 
CP255 B flow NS 614 803 Campsie Glen, 200m W of Jamie Wright's Well ol 	p1 
CP257 8 flow NS 613 803 Campsie Glen. lOOm N of car park ol 	p1 
CP258 BH flow NS 767 908 Bannock Burn, Touch Hills. near Cambusbarron ol p1 sp 
CP259 M flow NS 766 910 500m SW of Murrayshall quarry. Touch Hills ol p1 sp 
CP260 H flow NS 765 910 Murrayshall, Touch Hills ol p1 sp 
CP261 M flow NS 758 908 Shielbrae, Touch Hills 	 . p1 sp 
CP262 M flow NS 756 908 Shielbrae, Touch Hills p1 sp 
CP264 H flow NS 756 .901 North Third, Touch Hills 	. ol p1 sp 
CP266 H flow NS 756 900 North Third, Touch Hills p1 sp 
CP267 B flow NS 750 896 1 	k W of North Third Resr, Touch Hills ol p1 
CP268 	, H flow NS 751 898 Berryhill, Touch Hills p1 sp 
CP269 M flow NS 749 894 500m SW of North Third, Touch Hills sp 
CP270 BH flow NS 741 891 800m W of Townhead. Touch Hills ' p1 
CP271 H flow NS 743 890 700m W of Townhead, Touch Hills 	. ol p1 sp 
CP273 H flow NS 747 917 Touch, Touch Hills ol p1 
CP275 H flow NS 743 913 500m SW of Touch. Touch Hills ol p1 
CP280 ,BH flow NS 738 913 Touch Reservoir, Touch Hills ol p1 sp 
CP282 H flow NS 737 918 NE of Touch Resrs., Touch Hills 	, ol p1 sp 
CP283 H flow NS 737 919 NE of Touch Resrs., Touch Hills ol p1 sp 
CP285 H flow NS 739 915 " 	 E of Touch Reservoirs, Touch Hills 	. PI 
CP288 H flow NS 723 915 Touch Muir, Touch Hills ol cpx p1 sp 
CP291 B flow 	' NS 719 920 Craigbrock Burn, Touch Hills ol 	p1 
CP292 B flow NS 718 922 300m NW of Craigbrock Burn, Touch Hills 	' ol 	p1 
CP293 B flow NS 709 922 2km E of Carleatheran, Touch Hills ol 	p1 
CP294 B flow NS 709 924 2km E of Carleatheran. Touch Hills ol 	p1 
CP295 B flow NS 710 925 2km E of Carleatheran, Touch Hills ol 	p1 
CP298 H flow NS 727 915 lOOm N of Touch Resr., Touch Hills ol cpx p1 sp 
CP299 M flow NS 731 915 Roadside, Touch Resr., Touch Hills of S 
CP301 BH flow NS 732 915 Touch Reservoir, Touch Hills of 	p1 
CP303 BH flow' NS 640 864 300m NW of Gonachan Cottage, Fintry Hills ol 
CP304 B flow NS 637 868 800m NW of Gonachan Cottage, Fintry Hills p1 
CP305 BH flow NS 638 869 900m NNW of Gonachan Cottage, Fintry Hills of 	p1 
CP306 B flow NS 639 870 : 	 900m NNW of Gonachan Cottage, Fintry Hills ol 	p1 
CP309 H flow NS 641 874 Above Cammal Burn, Fintry Hills of p1 sp 
CP310 H flow NS 642 875 Above Camm'al Burn, Fintry Hills 	 , ol p1 sp 
CP31 1 BH flow NS 643 878 Scarp, N of Cammal Burn, Fintry Hills of p1 sp 
CP312 H flow NS 643 879 N of Cammal Burn, Fintry Hills ol p1 sp 
CP313 M flow NS 642 881 N of Cammal Burn, Fintry Hills ol sp 
CP315 H flow NS 640 877 Tributary of Cammal Burn, Fintry Hills - 
CP316 B flow NS 653 864 Balmenoch Burn, Fintry Hills - 
CP319 H flow NS 682 923 Black Craig, Gargunnock Hills ol p1 sp 
CP320 M flow NS 682 922 Black Craig, Gargunnock Hills - 
CP321 H flow NS 683 922 Black Craig, Gargunnock Hills ol p1 sp 
CP322 B flow NS 683 922 Below Black Craig, Gargunnock Hills ol p1 sp 
CP323 BH flow NS 682 922 Below Black Craig, Gargunnock' Hills olpI sp 
CP324 M flow NS 682 922 Scarp below Black Craig, Gargunnock Hills 	' sp 
CP325 H flow NS 682 921 Scarp below Black Craig, Gargunnock Hills -. 
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CP326 H flow NS 687 919 Carleatheran, Gargunnock Hills - 
8328 B flow NS 068 597 Quien Plantation, South Bute 01 CX p1 sp 
B329 BH flow NS 068 596 Quien Plantation, Bute 01 p1 sp 
B330 H flow NS 067 596 Quien Plantation, Bute - 
8331 B flow NS 069 596 Quien Plantation. Bute ol p1 sp 
B332 H flow NS 092 550 Suidhe Plantation, Bute ol p1 
B333 B 	sill NS 087 548 ZOOm S of Largizean Farm, Bute ol p1 sp 
8334 811 	sill NS 085 539 Barr Point 	Bute p1 sp 
8335 H 	sill NS 081 545 S of Dunstrone. Bute p1 
8336 B 	sill? NS 081 548 Dunstrone. Bute p1 
8337 B 	sill NS 083 540 Lubas Bay. Bute p1 
6339 B flow NS 085 533 Dunagoil Bay. Bute cpx p1 
8340 H flow NS 084 532 Port Dornach, Bute p1 sp 
8343 H flow NS 085 530 Port Dornach, Bute p1 
8344 H flow NS 085 529 Port Dornach, Bute p1 
B345 BH flow NS 085 530 Port Dornach, Bute cpx p1 sp 
8346 B flow NS 094 532 The Plan. Bute ol cpx p1 sp 
B347 H flow NS 095 532 The Plan, Bute ol? p1 cpx sp 
8348 H flow NS 095 532 The Plan, Bute - 
8349 H flow NS 096 533 The Plan. Bute p1 
8350 H flow NS 096 533 The Plan, Bute p1 sp .  
B351 BH flow NS 097 533 The Plan, Bute ol cpx p1 sp 
8353 H flow NS 104 533 Glen Callum. Bute ol p1 sp 
8354 H flow NS 105 534 Glen Callum, Bute p1 
B355 H flow NS 111 537 300m W of Hawk's Nib, Bute p1 
6356 B flow NS 110 535 500m W of Hawk's Nib, Bute ol cpx p1 sp 
8357 H flow NS 109 535 Glen Callum, Bute p1 .sp 
B359 H flow NS 108 534 Glen Callum; Bute 	- p1 
8360 H flow NS 107 534 Glen Callum, Bute ol cpx p1 sp 
B361' BH flow NS 098 631 : Loch Ascog, Bute ol p1 sp 
B363 M flow NS 097 630 Loch Ascog, Bute - 
LC364 M flow NS 152 513 Castle Island, Little Cumbrae ol p1 sp 
LC365 BH flow NS 151 514 E end of footpath, Little Cumbrae 	, ol 
LC366 H flow NS 150 513 Tom's Loch, Little Cumbrae ol p1 
LC367 M flow NS 147 513 Rest And Be Thankful, Little Cumbrae p1 
LC368 B flow NS 146 513 Rest And Be Thankful, Little Cumbrae ol p1 sp 
LC369 H flow NS 145 514 E of Old Beacon, Little Cumbrae ol 	p1 
LC370 B flow NS 144 515 Old Beacon, Little Cumbrae ol p1 
LC371 B flow NS 140 513 300m E of Cumbrae Elbow, Little Cumbrae ol p1 
LC372 M flow NS 138 514 Cumbrae lighthouse. Little Cumbrae - 
LC373 B flow NS 150 513 Tom's Loch, Little Cumbrae cpx p1 sp 
CP375 M flow NS 328 742 A8 roundabout. Port Glasgow ol p1 sp 
CP377 B flow NS 205 759 Cloch Point, off A78, Ayrshire coast ol p1 sp 
GTC381 B dyke NS 181 593 Tomont End, Great Cumbrae 01 
GTC384 B plug NS 162 574 Bell Craig, Great Cumbrae ol cpx p1 sp 
GTC386 H plug NS 164 585 Skate Point, Great Cumbrae ol p1 sp 
GTC390 T dyke NS 149 551 Craignan Fitheach, Great Cumbrae af sp 
GTC392 T dyke NS 150 552 Craignan Fitheach, Great Cumbrae af sp 
GTC394 BEN sill NS 159 546 Millport harbour. Great Cumbrae p1 sp 
GTC395 B dyke - 	 NS 180 550 lOOm N of Lion Rock, Great Cumbrae ol p1 sp 
GTC396 I dyke NS 181 551 150m N of Lion Rock, Great Cumbrae af hbl sp 
GTC399 I dyke NS 182 557 1km SSW .of Clashfarland Point, Great Cumbrae - 
CP403 H flow NS 221 531 Kaim Hill, Fairlie, Ayrshire 	 - ol p1 sp 
CP405 B flow NS 223 534 Kaim 	Hill, 	Fairlie 01 p1 sp 
CP408 BH flow NS 265 566 Routdane Burn, Jock's Castle. Ayrshire ol p1 sp 
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CP410 B flow NS 265 569 Routdane Burn, Jock's Castle ol p1 
CP412 BAS flow NS 265 570 Routdane Burn, Jock's Castle - 
CP413 B flow NS 225 572 Firpark Plantation. near Largs. Ayrshire ol p1 
CP417 BH intrusion NS 215 585 Road cutting in A760. 1.5km SE of Largs - 
C418 BH flow? NS 995 490 lOOm N of Calla Doone Farm, Carnwath - 
C419 B intrusion NS 988 488 800m SW of Calla Farm. Carnwath ol p1 
C420 B intrusion NS 985 485 Carnwath Burn. Carnwath - 
C421 B intrusion NT 001 486 1500m SE of Calla Farm, Carnwath - 
C422 BH flow NS 995 495 Calla Farm, Carnwath - 
C423 B flow? NS 91.2 521 500m E of Springfield Reservoir. Carnwath ol 	p1 
C424 B flow? NS 907 522 Springfield Reservoir. Carnwath ol p1 
BK426 BH flow NY 460 864 Kirk Hill, near Newcastleton ol 
8K427 BH flow NY 461 864 Kirk Hill, near Newcastleton of 
BK429 H flow NY 463 862 Kirk Hill, near Newcastleton of p1 sp 
6K430 BH plug. NY 465 880 . Bedda Hill, Newcastleton ol 
BK431 N flow NY 490 844 Hill fort, Sorbietrees. Kershopefoot 	. ol p1 sp 
BK432 BH flow NY 492 845 Hill fort. Sorbietrees, Kershopefoot ol p1 
6K433 B flow NY 499 835 Tinnis Burn, Kershopefoot ol p1 
BK434 H flow NY 234 793 Torbeckhill, Birrenswark. Dumfriesshire ol 
BK435 BH flow NY 227 793 Howat's Hill, Birrenswark ol p1 
BK436 H flow NY 227 793 Howat's Hill, Birrenswark ol p1 
BK441 H flow NY 214 769 Middlebie Beck. Birrenswark ol 
BK442 H flow NY 215 768 Middlebie Beck, Birrenswark ol p1 
BK443 M flow NY 216 '767 Middlebie Beck, Birrenswark ol sp 
BK445 BH flow NY 216 764 Middlebie Beck, Birrenswark ci 
BK448 H flow NY 187 779 Haregills Farm. Birrenswark ol p1 
BK449 H flow NY 188 780 300m NE of Harégills Farm, Birrenswark ol p1 
BK453 H flow NY 135 767 Nutholm Hill, Birrenswark ol p1 sp 
BK457 H flow NY 406 840 Raegill Burn, Kershopefoot - 
BK458 BH flow NY 462 823 Greena Hill, Kershopefoot 	. 	 . p1 sp 
CP459 B flow NS 423 761 Crags, 1km ESE of Overtoun. Kilpatrick Hills ol p1 
CP460 B flow 	. NS 433 760 Crags, 1km ESE of Overtoun, Kilpatrick Hills ol 	p1 
CP462 M flow NS 433 761 Crags, 1km ESE of Overtoun, Kilpatrick Hills ol p1 sp 
CP463 M flow NS 434 761 Crags, 1km ESE of Overtoun, Kilpatrick Hills ol p1 sp 
CP464 B plug NS 432 758 Dumbuck quarry, Dumbarton ol 
CP465 BH plug NS 419 747 Dumbuck quarry, Dumbarton 01 p1 sp 
CP466 N plug NS 421 749 Dumbuck quarry. Dumbarton ol p1 
CP468 B plug NS 511 813 Catythirsty Well, Kilpatrick Hills ci p1 
CP469 H dyke NS 513 813 Quinloch Muir, Kilpatrick Hills .oI sp 
CP470 B plug? NS 515 810 Quinloch Muir, Kilpatrick Hills - 
CP472 .BH flow NS 496 807 The Whangie, Kilpatrick Hills ol p1 
CP478 H flow? NS 524 794 A809/13821 road junction, NE of Kilpatrick Hills ol cpx p1 s 
CP479 B intrusion NS 524 771 High Craigton, Kilpatrick Hills ol cpx p1 sp 
CP480 B flow NS 520 771 High Craigton, Kilpatrick Hills 	 . 01 	p1 
CP481 B flow NS 520 770 High Craigton, Kilpatrick Hills ol p1 sp 
CP482 B flow NS 520 769 High Craigton, Kilpatrick Hills ol p1 sp 
CP484 B flow? NS 439 739 A8 road cutting, near Old Kilpatrick cpx p1 sp 
CP486 B flow NS 470 761 400m N of Greenside Resr., Kilpatrick Hills 01 p 1 
CP487 H flow NS 473 759 300m N of Greenside Resr., Kilpatrick Hills p1 sp 
CP489 BH flow NS 470 753 The Slacks, Kilpatrick Hills ol p1 sp 
CP490 B flow NS 468 752 The Slacks, Kilpatrick Hills ci cpx p1 
CP491 B flow NS 467 753 The Slacks, Kilpatrick Hills ci p1 
CP495 H flow NS 466 745 800m NW of Burnbrae Resr., Kilpatrick Hills p1 
CP496 H flow NS 466 744 800m NW of Burnbrae Resr., Kilpatrick Hills of p1 sp 
CP497 H flow NS 464 743 Kilpatrick Braes, Kilpatrick Hills. ol 	p1 
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CP498 H flow NS 464 743 Kilpatrick Braes, Kilpatrick Hills of p1 sp 
CP499 BH flow NS 464 743 Kilpatrick Braes, Kilpatrick Hills of p1 sp 
CP500 H flow NS 463 742 Kilpatrick Braes, Kilpatrick Hills of p1 sp 
CP501 BH flow NS 461 742 Kilpatrick Braes, Kilpatrick Hills of 
CP503 B flow NS 459 741 Kilpatrick Braes, Kilpatrick Hills of cpx p1 
CP505 H flow NS 336 827 Ben Bowie. near Helensburgh p1 sp 
CP507 BH flow NS 339 829 Ben Bowie summit of cpx p1 sp 
CP510 BH flow NS 341 833 Ben Bowie. lOOm NE of summit of cpx p1 sp. 
CP51 1 B plug? NS 593 861 Corrie of Balgtass, near Fintry of 	p1 
CP512 B plug? NS 593 859 Corrie of Balglass. near Fintry of 	p1 
CP516 M flow NS 236 630 Rowantree Hill; NE of Largs. Ayrshire p1 sp 
CP518 H flow 	. NS 232 632 Rowantree Hill. near Largs cpx sp 
CP519 M flow NS 232 632 500m S of Tourgill Burn, Largs, Ayrshire of p1 sp 
CP520 T flow NS 231 633 500m S of Tourgill Burn. Ayrshire af sp 
CP521 H flow, NS 228 633 Tourgill Burn, Ayrshire of sp 
CP522 BH flow NS 227 633 Tourgill Burn, Ayrshire 	. of cpx p1 sp 
CP523 B flow . NS 226 634 Tourgill Burn, Ayrshire 	. of p1 
CP524 H flow NS 225 634 Tourgill Burn, Ayrshire of p1 sp 
CP526 B flow NS 224 635 Tourgill Burn, Ayrshire of 	p! 
CP528 B flow NS 224 .635. Tourgill Burn, Ayrshire of p1 sp 
CP529 B flow NS 223 635 Tourgill Burn, Ayrshire 	 ., ol p1 sp 
CP530 AB flow . NS 222 635 Tourgill Burn, Ayrshire of cpx 
CP532 BH flow NS 265 687 Creuch Hill, Ayrshire of p1 
CP533 H flow NS 266 686 Creuch Hill. Ayrshire ' p1 
CP535 BH flow NS 269 691 Little Creuch Hill. Ayrshire cpx p1 sp 
CP540 BH flow NS 257 693 ,GarvockHill, Ayrshire of p1 
CP541 B flow NS .256 693 Garvock Hill, Ayrshire of p1 sp 
CP542 BH flow. NS 254 691 Garvock Hill, Ayrshire 	 . 01 p1 sp 
CP543 H flow NS 252 692 400m NE of Rottenburn Bridge, Creuch Hill of p1 sp 
CP544 BH flow . NS 251 692 300m NE of Rottenburn Bridge, Creuch Hill of p1 sp 
CP546 B plug NS 228 647 Noddsdale Water, 500m N of Tourgill. Ayrshire of p1 
CP548 H flow NS 318 634 Muirshiel Country Park. Lochwinnoch p1 sp 
CP550 B flow NS 319 637 Windy Hill. near Muirshiel. Lochwinnoch of 	p1 
CP552 B intrusion NS 321 642 Craig Minnan. Lochwinnoch of p1 sp 
CP554 B flow NS 313 648 Craig of Todholes. Lochwinnoch of p1 
CP556 H flow NS 323 633 900m SE of Windy Hill, Lochwinnoch of cpx p1 sp 
CP557 H flow NS 324 636 500m SE of Windy Hill. Lochwinnoch of p1 sp 
CP560 B flow NS 327 628 500m ENE of Heathfield, Lochwinnoch of p1 
CP561 B flow NS 328 626 500m ESE of Heathfield, Lochwinnoch of p1 
CP562 B flow NS 330 625 800m W of Kaim Dam. Lochwinnoch of p1 
CP563 H flow NS 331 622 500m 	of Kaim Dam. Lochwinnoch p1 sp 
CP565 BH flow NS 331 618 200m NW of Clovenstone, Lochwinnoch of p1 
CP566 BH How NS 334 618 Clovenstone, Lochwinnoch. Renfrewshire of p1 
CP570 H flow NS 344 615 400m ENE of Tándlemuir, Lochwinnoch of 01 sp 
CP571 B flow NS 345 612 400m ESE of Tandlemuir. Lochwinnoch of cpx p1 sp 
CP572 H flow NS 352 606 Balgreen, Lochwinnoch, Renfrewshire p1 
CP573 AB flow? NS 373 602 Castle Semple Church, Lochwinnoch of cpx sp 
CP574 B flow NS 363 598 Castle Semple Country Park, Lochwinnoch of p1 
Lithological abbreviations: B: basalt; AB: ankaramitic basalt; BAS: basanite suite; LKB: low-K tholeiitic basalt; BH: 
basaltic hawaiite; H: hawaiite; M: mugearite; BEN: benmoreite; T: trachyte; PT: phonolitic trachyte; R: rhyolite. 
Mineralogical abbreviations: of: olivine; cpx: clinopyroxene; p1: plagioclase; hbl: hornblende; ap: apatite; af: alkali 
feldspar; sp: spinel; ilm: ilmenite; qz: quartz; rie. riebeckite. 
Additional samples from the Limerick Basin of Ireland include: LMK1. LMK9, LMK9A, LMK12, LMK13, LMK15: B; 
LMK14: AB; LMK2, LMK2A. LMK17A, LMK18, 'LMK19: BAS; LMK6: BH; LMK7, LMK8: H; LMK3: M; LMK10: BEN; LMK5: 
T. Further details of these samples and localities are available from the Grant Institute, Edinburgh. 
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TABLES OF MINERAL DATA 
OLIVINE 
	
1 	2 	3 	4 	5 	6 	7 	8 
S102 39.04 	38.99 	38.90 	39.31 	39.59 	39.15 	39.93 	39.22 
A1203 	0.09 0.07 0.07 0.07 0.10 0.08 0.07 0.08 
FeD 20.56 	19.75 	19.16 	21.05 	20.02 	19.51 	17.93 	17.80 
KnO 0.24 0.28 0.28 0.26 0.27 0.27 0.23 0.25 
Ni0 	ad 	0.19 	0.18 	0.21 	0.22 	0.20 	0.20 	0.18 
MgO 39.56 40.65 41.42 40.26 41.32 41.23 42.69 42.77 
CaO 	0.17 	0.18 	0.27 	0.15 	0.18 	0.17 	0.25 	0.21 
total= 99.66 	100.11 	100.28 	101.31 	101.70 	100.61 	101.30 	100.51 
Si 	1.01 	1.00 	1.00 	1.00 	1.00 	1.00 	1.00 	0.99 
Fe2 0.44 0.42 0.41 0.45 0.42 0.42 0.,38 0.38 
Mg 	1.52 	1.56 	1.58 	1.53 	1.56 	1.57 	1.60 	1.62 
total 	2.99 	3.00 	3.00 	3.00 	3.00 	3.00 	3.00 	3.00 
oxygens (4] (41 141 (4] (4] 141 141 (4) 
1 AS CORE 1 	3 AS RIM 2 	5 AS CORE 4 	7 AG RIM 5 
2 AS CORE 2 4 AS CORE 3 6 AG CORE 5 8 A6 CORE 6 
9 	10 	11 	12 	13 	14 	15 	16 
S102 39.31 	40.33 	39.44 	38.33 	37.30 	37.20 	37.34 	37.56 
A1203 0.07 0.07 0.07 nd ad nd ad ad 
Cr203 	nd 	ad 	nd 	0.04 	0.04 	0.03 	0.03 	0.03 
FeO 18.02 16.92 19.74 19.78 26.89 27.80 27.20 27.47 
MnO 	0.25 	0.25 	0.25 	0.46 	0.76 	0.83 	0.75 	0.81 
MiD . 0.18 0.22 0.20 0.14 0.07 0.06 0.06 0.09 
MgO 42.65 	43.65 	40.60 	40.99 	35.17 	34.34 	35.04 	34.38 
CaD 0.23 0.20 0.17 nd ad ad ad nd 
total= 100.71 	101.64 	100.47 	99.74 	100.23 	100.26 	100.42 	100.34 
Si 	1.00 	1.00 	1.01 	0.99 	0.99 	0.99 	0.99 	1.00 
Fe2 0.38 0.35 0.42 0.43 0.60 0.62 0.61 0.61 
Mn 	- 	- 	- 	0.01 	0.02 	0.02 	0.02 	0.02 
Mg 1.61 1.62 1.55 1.58 1.40 1.37 1.39 1.37 
total 	3.00 	2.99 	2.99 	3.01 	3.01 	3.01 	3.01 	3.00 
oxygens= (4] (4) (41 141' . [4)' [4] [41 (4] 
• 9 AS RIM 6 	11 AS CORE 8 	13 GC12 RIM 1 	15 6C12 CORE 3 
10 *6 CORE 7 12 6C12 CORE 1 14 6C12 CORE 2 16 . GC12 RIM 3 
17 	18 	19 	20 	21 	22 	' 	23 	24 
Si02 38.15 	37.48 	38.17 	38.39 	38.74 	38.80 	38.34 	37.91 
A1203 	ad ad 0.06 0.07 0.06 0.07 0.08 0.06 
Cr203 0.04 	0.03 	nd 	ad 	nd 	ad 	ad 	ad 
FeO 24.73 28.12 23.21 23.18 19.46 19.30 23.46 24.12 
MnO 	0.70 	0.84 	0.35 	0.32 	0.25 	0.24 	0.34 	0.39 
HiD 0.15 0.07 0.11 0.07 0.14 0.18 0.11 0.10 
MgO 37.12 	34.00 	38.44 	38.54 	41.37 	41.17 	37.88 	37.38 
CaD 	ad ad 0.21 0.21 0.26 0.05 0.25 ad 
total= 100.89 	100.54 	100.55 '100.78 	100.28 	99.81 	100.46 	99.96 
Si 	1.00 	1.00 	0.99 	1.00 	0.99 	1.00 	1.00 	1.00 
Fe2 0.54 0.63 0.50 0.50 0.42 0.41 0.51 0.53 
Mn 0.02 	0.02  
Mg 	1.45 1.35 	1.49 	1.49 	1.58 	1.58 	1.47 	1.46 
total= 	3.00 	3.00 	3.01 	3.00 	3.01' 	3.00 	3.00 	3.00 
oxygena= (4) (4) (4) (4) (4] (4] 141 (4] 
17 6C12 CORE 4 	19 H24 CORE 1 	21 H38 CORE 1 	23 H38 CORE 3 
18 6C12 RIM 4 20 H24 CORE 2 22 H38 CORE 2 24 H38 CORE 4 
25 	26 	27 	20 	29 	30 ' 	31 	32 
5i02 35.98 	35.84 	35.22 	'35.24 	34.63 	37.26 	37.10 	37.36 
*1203 	0.06 0.04 0.03 0.04 0.05 ad ' ad ad 
FeO 32.52 	33.19 	34.73 	35.75 	36.60 	28.50 	28.79 	28.68 
MnO 	0.56 0.58 0.65 , 0.67 0.70 0.37 0.35 0.38 
NiO 0.09 	0.09 	0.08 	0.10 	0.06 	0.14 	0.10 	0.13 
HgO 30.21 29.88 27.79 27.25 25.98 33.85 33.36 33.92 
CaD , 0.29 	0.27 	0.31 	0.29 	0.31 	nd 	nd 	' 	ad 
total 	99.71 	99.89 	'98.81 	99.34 ' 98.33 	100.12 	99.70 	100.47 
Si 	0.99 	• 0.99 	0.99 	0.99 	0.99 	1.00 	1.00 	1.00 
Fe2 0.75 0.77 - 0.82 0.84 • 0.88 0.64 0.65 0.64 
Mn' 0.01 	0.01 	0.02 	0.02 	0.02 	- 	- 	- 
Mg. 1.24 1.23 1.17 1.14 1.11 1.35 1.34 1.35 
total 	3.01 	3.01 	3.01 	3.01 	3.01 	3.00 • 	3.00 	3.00 	• 
oxygens= [4] (4] (4] • (4] (4] (4] 	(41 141 
25 1(65 CORE 1 	27 K65 RIM 2 	29 1(65 RIM 3 	31 1(78 RIM 1 
26 1(65 CORE 2 28 K65 CORE 3 30 1(78 CORE 1 32 1(78 CORE 2 
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33 	36 	35 	36 	37 	38 	39 	40 
S102 37.22 	37.18 	37.35 	39.74 	38.33 	39.22 	37.87 	39.80 
*1203 	nd nd nd 0.10 0.06 0.06 0.07 nd 
F.0 28.99 	29.03 	28.42 	1257 	20.38 	14.70 	21.52 	18.20 
MnO 	0.36 0.37 0.36 0.17 0.34 0.19 0.38 0.17 
MaO 0.11 	0.12 	0.12 	0.32 	0.20 	0.23 	0.17 	0.06 
MgO 33.46 33.53 33.67 46.48 40.05 44.46 38.66 41.82 
CaO 	nd 	nd 	nd 	0.24 	0.38 	0.29 	0.40 	0.22 
total 100.14 	100.23 	99.92 	99.62 	99.74 	99.15 	99.07 	100.27 
Si 	1.00 	1.00 	1.00 	0.99 	0.99 	0.99 	0.99 	1.01 
F.2 0.65 0.65 0.64 0.26 0.44 0.31 0.47 0.39 
Hg 	1.34 	1.34 	1.35 	1.73 	1.55 	1.68 	1.51 	1.58 
Ca - - -. - 0.01 - 0.01 - 
total 	3.00 	3.00 	3.00 	3.01 	3.01 	3.00 	3.00 	2.99 
oxyg.na= (4] (4] 141 143 (4) (61 (4] [43 
33 1(78 RIM 2 	35 1(78 RIM 3 	37 8113 RIM 1 	39 B113 RIM 2 
34 1(78 CORE 3 36 B113 CORE 1 38 8113 CORE 2 40 8113 CORE 5 
41 	42 	63 	44 	45 	46 	47 	48 
5102 37.77 	39.33 	39.48 	39.13 	38.15 	39.70 	39.52 	39.04 
*1203 	nd nd nd nd nd nd nd 0.07 
Cr203 nd 	0.02 	0.03 	0.03 	0.03 	0.04 	0.05 	nd 
P.O 24.16 17.76 19.63 19.09 23.67 16.46 17.32 21.33 
MaO 0.43 	0.23 	0.28 	0.27 	0.40 	0.20 	0.24 	0.27 
NiO 	0.08 0.25 0.20 0.25 0.19 0.28 0.29 0.17 
MgO 36.24 	42.30 	41.40 	41.38 	37.71 	43.37 	42.31 	39.44 
CaO 0.48 nd nd nd'nd nd nd 0.18 
total= 99.16 	99.89 	101.02 	100.15 	100.15 	100.05 	99.73 	100.50 
Si 	1.00 	1.00 	1.00 	1.00 	1.00 	1.00 	1.01 	1.00 
P92 0.54 0.38 0.42 0.41 0.52 0.35 0.37 0.46 
Mg 	1.43 	1.61 	1.57 	1.58 	1.47 	1.63 	1.61 	1.51 
Ca 0.01 - - - - - - 
total= 3.00 	3.00 	3.00 	3.00 	3.00 	3.00 	2.99 	2.99 
oxyg.n.= 	(4] (4] (4) (43 (43 161 (4] (4] 
41 B113 RIM 5 	44 CR136 CORE 2 	47 CR136 RIM 3 
42 CR136 CORE 1 45 CP136 RIM 2 48 1(1147 CORE 1* 
43 CR136 RIM 1 	46 CR136 CORE 3 
49 	50 	51 	52 	53 	54 	55 	56 
Si02 38.12 	36.81 	38.53 	38.87 	38.80 	38.18 	38.58 	38.12 
*1203 	0.07 0.06 0.07 0.06 0.06 0.08 0.09 0.06 
FeO 21.11 	26.69 	18.77 	18.99 	18.99 	18.66 	19.01 	18.69 
MaO 	0.26 0.49 0.22 0.24 0.24 0.23 0.22 0.22 
MaO 0.16 	0.10 	0.19 	0.19 	0.17 	0.17 	0.21 	0.18 
MgO 40.07 34.74 41.68 41.69 41.64 41.56 41.63 41.31 
CaO 	0.18 	0.29 	0.20 	0.21 	0.20' 	0.18 	0.19 	0.21 
total= 99.97 	99.18 	99.66 	100.25 	100.10 	99.06 	99.93 	98.79 
Si 	0.99 	0.99 	0.99 	0.99 	0.99 	0.99 	0.99 	0.99 
P92 0.46 0.60 0.40 0.41 0.41 0.40 0.41 0.41 
Mn 	- 	0.01 	- 	- 	- 	- 	- 	- 
Mg 1.55 1.39 1.60 1.59 1.59 1.60 1.59 1.60 
total 	3.01 	3.01 	3.01 	3.01 	3.01 	3.01 	3.01 	3.01 
oxygen [4] 143 (6] (4] [43 [4] (4] (4] 
49 KT147 CORE 18 	52 1(1147 CORE 28 	55 1(1147 CORE 2E 
50 1(1147 RIM 1 53 1(1147 CORE 2C 56 1(1147 CORE 2F 
51 1(1147 CORE 2* 	54 1(1147 CORE 20 
57 	58 	59 	60 	61 	62 	63 ' 	64 
S102 36.79 	37.02 	37.66 	38.54 	37.40 	38.55 	37.05 	38.85 
*1203 	0.06 0.07 0.06 0.07 0.06 0.07 0.08 nd 
Cr203 nd 	nd 	nd 	nd 	nd 	nd 	nd 	0.02 
P.O 28.41 26.61 23.89 20.09 26.31 21.51 27.21 23.71 
MaO 0.55 	0.45 	0.36 	0.25 	0.47 	0.26 	0.52 	0.26 
MaO 	0.07 0.08 0.11 0.15 0.09 0.09 0.07 0.12 
MgO 33.47 	35.31 	37.45 	39.88 	34.79 	38.68 	33.72 	37.83 
CaO 	0.35 0.22 0.19 0.19 0.26 0.20 0.26 nd 
total= 99.70 	99.76 	99.72 	99.17 	99.38 	99.36 	98.91 	100.79 
Si 	0.99 	0.99 	0.99 	1.00 	1.00 	1.01 	1.00 	1.01 
Fe2 0.64 0.59 0.53 0.44 0.59 0.47 0.61 0.51 
Mn 	0.01 	0.01 	- 	- 	0.01 	- 	0.01 	- 
Mg 1.35 1.41 1.47 1.54 1.39 1.50 1.36 1.46 
a0.01 	- 	- 	- 	- 	- - - 
total= 	3.01 	3.01 	3.01 	3.00 	3.00 	2.99 	3.00 	2.99 
oxygens= (4] (4] (43 (43 (43 161 (43 (4] 
57 1(1147 RIM 2 	59 1(1147 RIM 3 	61 1(1147 RIM 4 	63 1(1147 RIM 5 
58 1(1147 CORE 3 60 1(1147 CORE 4 62 1(1147 CORE 5 64 1(1172 CORE 1 
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65 66 67 68 69 70 71 72 
S102 38.84 38.66 38.78 38.65 38.76 37.78 39.54 38.16 
A1203 nd nd nd nd nd nd 0.07 0.06 
Cr2O3 nd 0.01 nd nd nd 0.03 nd nd 
F.O 22.12 22.39 22.61 22.40 21.97 28.03 14.40 22.96 
Pn0 0.24 0.25 0.27 0.25 0.27 0.40 0.23 0.43 
NiO 0.14 0.12 0.12 0.11 0.13 0.12 0.21 0.13 
NqO 39.13 38.62 38.45 38.68 39.34 34.36 44.72 37.35 
taO nd nd nd nd nd nd 0.28 0.39 
total 100.47 100.05 100.23 100.09 100.47 100.72 99.45 99.48 
Si 1.00 1.00 1.01 1.00 1.00 1.00 1.00 1.00 
F.2 0.48 0.49 0.49 0.49 0.47 0.62 0.30 0.50 
$g 1.51 1.50 1.49 1.50 1.51 1.36 1.68 1.46 
Ca - - - - - - - 0.01 
total= 3.00 3.00 2.99 3.00 3.00 3.00 3.00 3.00 
oxyg.ns (4] (4) [4) (4) (43 143 143 (43 
65 	1(1172 CORE 2 6? 1(1172 CORE 3 	69 KT172 CORE 4 71 	F195 CORE 1 
66 1(1172 RIM 2 68 1(1172 RIM 3 70 1(1172 RIM 4 72 	F195 RIM 1 
73 74 75 76 77 78 79 80 
S102 39.46 40.94 39.18 39.26 39.26 40.19 39.52 39.95 
A1203 0.05 0.09 0.05 0.06 0.04 nd nd nd 
Cr203 nd nd nd nd nd 0.02 nd nd 
FeO 14.68 22.89 15.46 15.34 14.80 14.25 16.74 14.72 
Mr 0.25 0.44 0.20 0.24 0.25 0.20 0.25 0.19 
NiO 0.19 0.10 0.15 0.20 0.19 0.26 .0.20 0.23 
MgO 44.24 35.95 43.94 43.71 43.89 44.98 42.77 44.75 
CaO 0.31 0.52 0.13 0.31 0.30 nd nd nd 
total 99.18 100.93 99.11 99.12 98.73 99.90 99.48 99.84 
Si 1.00 1.05 1.00 1.00 1.00 1.01 1.01 1.00 
Fe2 0.31 0.49 0.33 0.33 0.32 0.30 0.36 0.31 
Mg 1.67 1.38 1.67 1.66 1.67 1.68 1.62 1.68 
Ca - 0.01 - - - - - - 
total 3.00 2.95 3.00 3.00 3.00 2.99 2.99 3.00 
oxygens= [4] (4) (4] 143 [43 (4] [4) [4] 
73 	F195 CORE 2 75 	F195 CORE 3 77 	F195 RIM 38 79 F199 RIM 1 
74 	F195 RIM 2 76 	F195 RIM 3A 78 	F199 CORE 1 80 F199 CORE 2 
81 82 83 
S102 39.84 40.15 40.25 
Cr203 0.04 0.01 0.04 
FeD 16.32 15.42 14.87 
MnO 0.26 0.23 0.22 
NiO 0.20 0.25 0.23 
MgO 43.16 44.03 44.41 
total= 99.82 100.09 100.02 
Si 1.01 1.01 1.01 
Fe2 0.35 0.32 0.31 
Mg 1.63 1.65 1.66 
total= 2.99 2.99. 2.99 
oxygens= (4] 143 (41 
81 	F199 RIM 2 
82 	F199 CORE 3 
83 	F199 RIM 3 
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CLINOPYROXENE 
1 2 3 .6 5 6 7 8 
Si02 49.74 47.78 49.47 48.12 46.63 45.92 49.95 48.96 
T102 1.25 2.22 1.35 1.49 2.02 2.24 0.81 1.19 
A1203 4.13 6.16 3.59 576 7.15 7.79 6.56 7.40 
Cr203 0.21 0.43 0.06 0.61 0.46 0.45 0.42 0.38 
F.0 7.30 7.54 8.05 6.56 7.38 7.54 6.63 7.20 
Pt0 0.16 0.12 0.17 0.10 0.12 0.12 0.14 0.16 
N 14.93 12.92 14.66 13.86 13.01 13.01 15.42 14.69 
CaO 20.64 21.43 20.72 21.44 21.26 21.13 18.43 18.56 
Na2O 0.34 0.40 0.30 0.36 0.46 0.46 0.69 0.84 
total= 98.70 99.00 98.37 98.30 98.49 98.66 99.05 99.38 
Si 1.86 1.80 1.86 1.81 1.76 1.73 1.84 1.81 
Ti 0.04 0.06 0.04 0.04 0.06 0.06 0.02 0.03 
Al 0.18 0.27 0.16 0.26 0.32 0.34 0.29 0.32 
Fe3 0.05 0.03 0.05 0.05 0.08 0.10 0.02 0.05 Cr - 0.01 - 0.02 0.01 0.01 0.01 0.01 
Fe2 0.18 0.21 0.19 0.16 0.15 0.14 0.19 0.17 
Mg 0.83 0.72 0.82 0.78 0.73 0.73 0.85 0.81 
Ca 0.83 0.86 0.84 0.86 0.86 0.85 0.73 0.73 
Na 0.02 0.03 0.02 0.03 0.03 0.03 0.05 0.06 
total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygen2= [6] (6] [6] 163 [6] (63 (6) [63 
Al CORE 1 3 	Al CORE 2 5 	Al CORE 4 7 	AS CORE 1 
2 	Al RIM 1 4 	Al CORE 3 6 	Al CORE 5 8 	AS RIM 1 
9 10 11 12 13 14 15 16 
Si02 50.02 48.50 49.02 47.88 49.47 48.97 48.30 48.08 
T102 0.77 0.95 0.97 1.59 1.04 1.12 1.62 1.87 
A1203 5.99 7.04 7.25 8.30 7.24 7.56 8.22 4.33 Cr203 0.68 0.53 0.48 0.07 0.39 0.38 0.15 0.20 FeO 6.61 6.82 6.81 7.96 6.91 7.10 7.97 6.36 
NnO 0.15 0.16 0.14 0.17 0.16 0.17 0.19 0.12 
MgO 16.22 15.30 14.68 13.39 14.96 14.56 13.49 13.70 
CaO 17.88 18.33 18.47 18.31 18.19 18.54 18.36 23.70 Na2O 0.64 0.68 0.71 0.95 0.77 0.82 0.96 0.42 
total= 98.96 98.31 98.53 98.62 99.13 99.22 99.26 98.78 
Si 1.85 1.80 1.82 1.79 1.83 1.81 1.79 1.80 Ti 0.02 0.03 0.03 0.04 0.03 0.03 0.05 0.05 
Al 0.26 0.31 0.32 0.37 0.32 0.33 0.36 0.19 Fe3 0.03 0.06 0.02 0.04 0.02 0.04 0.03 0.13 
Cr 0.02 0.02 0.01 - 0.01 0.01 - - 
Fe2 0.17 0.15 0.19 0.21 0.20 0.18 0.22 0.07 
Mg 0.89 0.85 0.81 0.75 0.82 0.80 0.75 0.76 
Ca 0.71 0.73 0.74 0.73 0.72 0.73 0.73 0.95 Na 0.05 0.05 0.05 0.07 0.06 0.06 0.07 0.03 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 oxygena= (6] (6] (6] [6] (6] [6] [6] (6] 
9 	AS CORE 2 11 	AS CORE 3 13 AS CORE 4 15 AS RIM 5 
10 	A6 RIM 2 12 	AS RIM 3 14 AS CORE 5 16 6C12 CORE 1 
17 18 19 20 21 22 23 24 
S102 44.26 48.41 45.03 48.21 45.11 47.95 1 45.45 45.40 TiO2 3.00 2.01 3.03 1.99 3.45 2.02 2.57 2.12 A1203 6.96 4.53 7.38 4.51 7.36 4.65 8.93 9.14 Cr203 0.35 nd 0.27 0.03 0.11 0.06 0.01 0.0? FeO 6.98 6.87 7.09 6.84 7.53 6.55 8.49 7.70 MnO 0.12 0.15 0.13 0.14 0.15 0.12 0.15 0.15 MgO 11.96 13.22 11.84 13.30 11.5? 13.40 12.75. 12.87 
CaO 23.65 23.51 23.66 23.50 23.46 23.78 19.26 20.18 N  0.51 0.50 0.53 0.51 0.62 0.41 0.76 0.65 
total= 97.79 99.20 98.96 99.03 99.36 98.94 98.37 98.28 
Si 1.68 1.81 1.69 1.80 1.59 1.80 1 	1.71 1.71 
Ti 0.09 0.05 0.09 0.06 0.10 0.06 0.07 0.06 
Al 0.31 0.20 0.33 0.20 0.33 0.21 0.40 0.40 Fe3 0.17 0.10 0.14 0.12 0.13 0.12 0.09 0.11 
Cr 0.01 - - - - - - - 
Fe2 0.05 0.11 0.08 0.10 0.10 0.09 0.18 0.13 Mg 0.68 0.74 0.66 0.74 0.65 0.75 0.72 0.72 Ca 0.96 0.94 0.95 0.94 0.94 0.95 0.78 0.81 Na 0.04 0.04 0.04 0.04 0.05 0.03 0.06 0.05 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 oxygen [6] [6] (6] [6] [6] (6] (6] (6] 
17 	6C12 RIM 1 19 	6C12 RIM 2 21 6C12 RIM 3 23 L3 CORE 1 18 	6C12 CORE 2 20 6C12 CORE 3 22 GC12 CORE 4 	24 L3 RIM 1.. 
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25 26 .27 28 29 30 31 32 
SiO2 47.77 45.82 46.83 49.18 47.66 49.97 46.14 46.22 
Ti02 1.51 2.25 2.93 1.20 1.56 0.97 2.19 2.21 
A1203 7.10 8.84 5.94 6.40 7.07 5.60 8.87 9.43 
Cr2O3 0.35 0.10 0.06 0.42 0.33 0.66 0.06 0.04 
FeO 6.47 7.76 7.93 6.09 6.56 5.77 8.28 7.01 
MnO 0.12 0.12 0.15 0.15 0.12 0.13 0.13 0.12 
NgO 14.20 12.89 12.74 14.93 14.33 16.19 12.90 13.18 
CaO 20.32 20.09 21.67 20.27 20.12 18.66 19.35 20.64 
Na20 0.57 0.65 0.41 0.51 0.59 0.60 0.69 0.59 
total 98.41 98.52 98.66 99.15 98.34 98.55 98.61 99.44 
Si 1.78 1.72 1.77 1.82 1.78 1.85 1.73 1.71 
Ti 0.04 0.06 0.08 0.03 0.04 0.03 0.06 0.06 
Al 0.31 0.39 0.26 0.28 0.31 0.24 0.39 0.41 
Fe3 0.07 0.09 0.06 0.04 0.07 0.03 0.07 0.08 
Cr 0.01 - - 0.01 - 0.02  
Fe2 0.14 0.16 0.19 0.15 0.13 0.15 0.19 0.14 
N9 0.79 0.72 0.72 0.82 0.80 0.89 0.72 0.73 
Ca 0.81 0.81 0.88 0.80 0.81 0.74 0.78 0.82 
11: 0.04 0.05 0.03 0.04 0.04 0.04 0.05 0.04 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygena= [6] [6] (63 (6] [6] (6] [6] (63 
25 	L3 CORE 2 27 	13 RIM 3 29 	L3 RIM 4 31 	L3 CORE 6 
26 L3 CORE 3 28 13 CORE 4 30 13 CORE 5 32 L3 RIM 6 
33 34 35 .. 	'3738 
SiO2 46.43 48.19 50.04 49.70 48.68 50.00 49.91 50.19 
T102 2.06 2.01 0.88 0.91 2.03 2.00 0.88 1.93 
A1203 8.52 7.72 5.61 5.86 3.78 3.17 6.09 3.08 
Cr203 0.21 0.13 0.57 0.56 0.04 0.07 0.40 0.07 
FeD 7.54 7.27 6.01 5.93 8.68 8.66 6.26 8.31 
MnO 0.12 0.13 0.13 0.12 0.17 0.18 0.14 0.18 
MgO 13.30 12.50 15.79 15.57 13.59 13.86 15.97 13.77 
CaO - 19.70 20.06 19.29 19.67 20.80 21.62 18.97 21.53 
Na2O 0.66 0.76 0.52 0.51 0.37 0.37 0.53 0.41 
total= 98.54 98.77 98.84 98.83 98.14 99.93 99.15 99.47 
Si 1.74 1.81 1.85 1.84 1.85 1.87 1.84 1.88 
Ti 0.06 0.06 I 0.02 0.03 0.06 0.06 0.02 0.05 
Al 0.38 0.24 0.26 0.17 0.14 0.26 0.14 
Fe3 0.07 0.02 0.03 0.04 0.04 0.04 0.02 
Cr - 0.02 0.02 - - 0.01 - 
Fe2 0.16 0.16 0.15 0.23 0.23 0.16 0.24 K9 0.74  0.87 0.86 0.77 0.77 0.88 0.77 
C0.79 
J4.00 
 0.76 0.78 0.85 0.86 0.75 0.86 
Na 0.05 0.04 0.04 0.03 0.03 0.04 0.0) 
total= 4.00  4.00 4.00 4.00 4.00 4.00 4.00 
oxygens= (6]  (6] (6] (6] [6] (6] (63 
33 	L3 CORE 7 35 	L9 CORE lÀ 37 	19 RIM lÀ 39 	111 CORE 1 
34 13 RIM 7 36 19 CORE lB 38 19 RIM lB 40 Lii RIM 1 
41 42 43 44 45 46 47 48 
S102 51.65 4946 50.48 50.27 48.25 46.80 47.88 48.02 
T102 0.76 2.27 0.94 0.98 1.35 1.76 1.47 1.30 A1203 4.23 3.88 5.09 5.01 8.05 8.49 8.23 7.76 Cr203 0.56 0.14 0.58 0.57 0.18 0.24 0.10 0.24 FeO 5.18 8.40 5.50 5.43 6.63 7.10 6.63 6.69 KnO 0.11 0.17 0.10 0.11 0.12 0.16 0.11 0.13 ligO 16.92 13.47 16.02 15.86 14.78 14.04 14.49 14.73 CaD 19.50 21.61 19.64 19.99 20.02 19.68 20.45 20.04 
N  0.55 0.39 0.55 0.58 0.52 0.59 0.51 0.53 
total= 99.46 99.79 98.90 98.80 99.90 98.86 99.87 99.44 
Si 1.89 1.85 1.86 1.86 1.77 1.74 1.76 1.77 Ti 0.02 0.06 0.03 0.03 0.04 0.05 0.04 0.04 Al 0.18 0.17 0.22 0.22 0.35 0.37 0.36 0.34 Fe3 0.02 0.03 0.02 0.03 0.07 0.08 . 0.08 0.08 Cr 0.02 - 0.02 0.02 - - - - 
Fe2 0.14 0.23 0.15 0.13 0.13 0.14 0.13 0.13 Kg 0.92 0.75 0.88 0.87 081 0.78 0.79 0.81 Ca 0.76 0.87 0.78 0.79 0..79 0.78 0.80 0.79 Na 0.04 0.03 0.04 0.04 0.04 0.04 0.04 0.04 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 oxygens= [6] (6] (6] [6] (6] (6] [6] [6] 
41 	Lii CORE 2 43 	111 CORE 3 45 	LiS CORE 1 47 	L15 CORE 2 42 111 RIM 2 44 Lii RIM 3 46 115 RIM 1 48 115 CORE 3 
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49 	50 	51 	52 	53 	54 	55 	56 
S102 48.42 	47.40 	47.61 	51.59 	51.94 	50.06 	51.16 	51.34 
T102 	2.06 1.81 1.84 0.14 0.70 1.23 0.99 1.08 
£1203 4.00 	8.70 	8.75 	425 	4.01 	5.62 	4.75 	4.91 
Cr2O3 	0.03 0.11 0.12 0.55 0.46 0.30 0.25 0.23 
F.O 9.30 	7.46 	7.40 	5.70 	5.39 	7.31 	5.76 	5.91 
P0 	0.18 0.15 0.14 0.11 0.10 0.12 0.10 0.09 MgO 13.77 	13.96 	14.05 	16.53 	16.74 	15.26 	16.13 	15.98 
CaO 21.01 19.49 19.62 19.34 19.68 19.13 19.90 20.01 
Na20 0.38 	0.67 	0.66 	0.57 	0.58 	0.64 	0.61 	0.58 
total= 99.15 	99.75 	100.19 	99.38 	99.60 	99.67 	99.65 	100.13 
Si 	1.82 	1.75 	1.75 	1.89 	1.90 	1.84 	1.87 	1.88 
Ti 0.06 0.05 0.05 0.02 0.02 0.03 0.03 0.03 
Al 	0.18 	0.38 	0.38 	0.18 	0.17 	0.24 	0.21 	0.21 
F.3 0.09 0.07 0.07 0.01 0.02 0.04 0.03 . 0.01 
Cr 	- 	- 	- 	0.02 	0.01 	- 	- 	- 
Fe2 0.20 0.16 0.16 0.16 0.15 0.19 0.15 0.17 
Mg 	0.77 	0.77 	0.77 	0.90 	0.91 	0.84 	0.88 	0.87 
Ca 0.85 0.77 0.77 0.76 0.77 0.76 0.78 0.78 
Na 0.03 	0.05 	0.05 	0.04 	0.04 	0.05 	0.04 	0.04 
total= 	4.00 	4.00 	4.00. 	4.00 	4.00 	4.00 	4.00 	4.00 oxygn9= (6] (61 (63 163 (6) (63 (6) 161 
49 L15 CORE 4 	51 L15 RIM 5 	53 119 MANTLE 1 	55 119 CORE 2 
50 L15 CORE 5 52 L19 CORE 1 54 119 RIM 1 	56 LiS RIM 2 
57 	58 	59 	60 	61 62 	63 	64 
S102 51.39 	53.61 	48.97 	49.17 	48.86 	50.83 	51.39 	49.39 
T102 	0.19 0.41 0.85 0.89 1.08 0.61 0.58 1.06 
£1203 4.30 	2.94 	6.42 	6.61 	7.90 	5.79 	5.56 	1.46 
Cr203 	0.21 0.29 0.36 0.48 0.19 0.47 0.36 0.49 
FeO 5.63 	4.90 	6.12 	6.34 	7.11 	5.98 	5.93 	6.81 MnO 	0.12 0.08 0.14 0.14 0.14 0.16 0.16 0.15 
NgO 16.52 	18.41 	15.69 	15.41 	14.66 	16.84 	16.99 	14.77 
CaO 19.93 18.85 19.34 18.95 19.01 18.65 18.35 -19.11 
Na2O 0.54 	0.49 	0.53 	0.59 	0.63 	0.57 	0.55 	0.63 
total= 99.43 	99.98 	98.42 	98.58 	99.58 	99.90 	99.87 	99.87 
Si 	1.88 	1.94 	1.82 	1.82 	1.80 	1.85 	1.87 	1.81 
Ti 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.03 
Al 	0.19 	0.13 	0.28 	0.29 	0.34 	0.25 	0.24 	0.32 
F.3 0.03 - 0.07 0.04 0.04 0.04 0.01 0.02 
Cr 	- 	- 	0.01 	0.01 	- 	0.01 	0.01 	0.01 
Fe2 0.14 0.16 0.12 0.15 0.18 0.14 0.17 0.19 
Mg 	0.90 	0.99 	0.87 	0.85 	0.80 	0.91 	0.92 	0.81 
Ca 0.78 0.73 0.77 0.75 0.75 0.73 0.72 0.75 
Na 	0.04 	0.03 	0.04 	0.04 	0.04 	0.04 	0.04 	0.04 
total= 	4.00 	4.00 	4.00 	4.00 	4.00 	4.00 	4.00 	4.00 oxygen= [61 [61 (6] (6] 161 [61 161 [6] 
51 119 CORE 3 	60 H24 MANTLE 1 	63 H24 MANTLE 18 
58 119 CORE 4 61 H24 RIM 1A 64 H24 CORE 2 
59 H24 CORE lÀ 	62 H24 CORE lB 
65 	66 	67 	68 	69 	70 	71 	72 
S102 49.07 	49.41 	49.36 	47.84 	48.93 	48.68 	49.27 	48.32 T102 	1.00 0.99 1.25 1.81 1.08 1.14 1.22 1.50 £1203 7.25 	7.39 	7.62 	8.93 	8.00 	7.58 	6.97 	7.71 Cr203 0.45 0.52 0.21 nd 0.19 0.20 nd nd FeD 	6.91 	6.88 	7.51 	9.43 	7.04 	7.02 	9.57 	9.58 KnO 0.15 0.16 0.16 0.19 0.19 0.15 0.20 0.23 
MgO 14.92 	14.88 	14.76 	13.30 	14.41 	14.46 	14.36 	13.66 CaD 18.80 19.23 18.51 18.16 18.85 19.53 17.20 17.47 Na20 0.64 	0.63 	0.68 	0.88 	0.62 	0.60 	0.82 	0.83 
total= 99.19 	100.09 	100.06 	100.54 	99.31 	99.36 	99.61 	.99.30 
Si 	1.81 	1.81 	1.81 	1.76 	1.81 	1.80 	1.82 	1.80 Ti 0.03 0.03 0.03 0.05 0.03 0.03 0.03 0.04 Al 	0.32 	0.32 	0.33 	0.39 	0.35 	0.33 	0.30 	0.34 F93 0.04 0.04 0.02 0.06 0.01 0.05 0.04 0.04 Cr 	0.01 	0.02 	- 	- 	- 	- - - 
Fe2 0.18 0.18 0.21 0.23 0.20 0.17 	0.26 	0.26 Mg 	0.82 	0.81 	0.81 	0.73 	0.79 	0.80 0.79 0.76 Ca 0.74 0.75 0.73 0.72 0.75 0.77 	0.68 	0.70 Na 	0.05 	0.04 	0.05 	0.06 	0.04 	0.04 0.06 0.06 
total= 	4.00 	4.00 	4.00 	4.00 	4.00 	4.00 	4.00 	4.00 oxygens= (61 (61 (6) (6) (6] (61 (6] 163 
65 H24 MANTLE 2 	67 H24 CORE 3 	69 H24 CORE 5 	71 H24 CORE 6 68 H24 RIM 2 	68 H26 CORE 4 70 H24 RIM 5 72 H24 RIM 6 
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73 74 75 76 77 78 79 80 
S102 49.09 48.24 50.42 47.91 46.15 48.45 46.14 47.78 
Ti02 0.99 1.21 1.80 2.68 2.26 2.31 2.12 1.77 
A1203 7.49 8.63 3.06 4.69 6.96 5.70 8.46 7.61 
Cr2O3 0.43 0.08 0.04 0.04 0.17 nd 0.28 0.44 
FeO 6.81 7.71 8.19 8.44 7.57 8.24 7.05 6.37 
KnO 0.15 0.17 0.19 0.20 0.16 0.16 0.12 0.12 
Ng0 14.61 14.22 13.68 12.52 12.96 13.14 12.65 13.46 
CaO 18.99 18.33 21.81 21.74 21.17 21.15 21.52 21.18 
Na20 0.60 0.69 0.46 0.51 0.59 0.61 0.52 0.55 
total= 99.16 99.28 99.65 98.73 97.99 99.76 98.86 99.28 
Si 1.82 1.78 1.88 1.81 1.74 1.81 1.73 1.77 
Ti 0.03 0.03 0.05 0.08 0.06 0.06 0.06 0.05 
Al 0.33 0.38 0.13 0.21 0.31 0.25 0.37 0.33 
F93 0.02 0.04 0.03 0.05 0.11 0.05 0.08 0.04 
Cr 0.01 - - - - - - 0.01 
Fe2 0.19 0.20 0.23 0.22 0.13 0.20 '0.14 0.15 
Mg 0.81 0.78 0.76 0.71 0.73 0.73 0.71 0.75 
Ca 0.75 0.73 0.87 0.88 0.86 0.84 0.86 0.84 
Na 0.04 0.05, 0.03 0.04 0.04 0.04 0.04 0.04 
total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Oxy9fla (6] (6] (6] (6) 163 (6] 163 [6] 
73 	H24 CORE 8 75 H34 (3.MASS 1 	77 H38 CORE 1 	79 H38 RIM 2 
74 	H24 RIM 8 76 H34 6.MASS 2 78 H38 CORE 2 80 H38 CORE 3 
81 82 83 84 85 86 87 88 
S102 49.24 48.77 47.74 46.28 47.21 48.19 47.90 49.32 
Ti02 1.31 1.52 1.61 3.77 2.93 2.61 2.60 2.12 
£1203 6.19 6.05 6.88 5.41 4.87 3.53 4.17 3.01 
Cr203 0.14 0.23 0.12 0.02 0.02 0.01 0.16 nd 
FeO 6.22 6.69 7.10 10.56 8.72 9.09 8.81 8.82 
MnO 0.13 0.12 0.13 0.23 0.20 0.22 0.21 0.21 
MgO 14.13 14.00 13.48 10.73 12.55 12.42 13.15 12.93 
CaO, 21.27 21.71 21.40 21.75 21.62 21.42 21.58 21.61 
Na20 0.50 0.46 0.53 0.75 0.55 0.66 0.57 0.56 
total= 99.13 99.55 98.99 99.50 98.67 98.15 99.15 98.58 
Si 1.83 1.81 1.78 1.76 1.79 1.84 1.80 1.87 
Ti 0.04 0.04 0.05 0.11 0.08 0.07 0.07 0.06 
Al 0.27 0.26 0.30 0.24 0.22 0.16 0.18 0.13 
F93 0.03 0.06 0.08 0.08 0.08 0.06 0.10 0.05 
Fe2 0.16 0.14 0.14 0.26 0.20 0.23 .0.18 0.23 
Hg 0.78 0.77 0.75 0.61 0.71 0.71 0.74 0.73 
Ca 0.85 0.86 0.86 0.89 0.88 0.88 0.87 0.88 
Na 0.04 0.03 0.04 0.06 0.04 0.05 0.04 0.04 
total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygens (6] 163 (6) [6] [6] [6] 163 [6] 
81 	H38 RIM 3 83 H38 CORE 5 85 H42 G.MASS 1 	87 H42 G.MASS 3 
82 	H38 CORE 4 84 H41 G.MASS 1 	86 H42 6.MASS 2 88 H42 6.MASS 4 
89 90 91 92 93 94 85 96 
S102 51.54 51.97 51.29 50.46 49.60 47.96 51.70 50.63 
Ti02 0.75 0.70 0.70 0.74 1.71 1.96 1.18 1.09 
A1203 4.06 4.97 4.95 4.10 3.89 4.94 2.23 3.86 
Cr203 0.03 0.25 0.03 0.01 0.40 0.50 0.01 0.02 
FeD 9.20 9.49 9.46 9.13 6.64 6.52 10.64 11.32 
PInO 0.43 0.50 0.50 0.47 0.15 ' 	 0.15 0.30 0.26 
PIgO 13.41 12.53 12.59 13.24 14.92 14.18 13.94 13.28 
CaO 21.43 19.76 19.79 21.24 21.31 21.73 19.58 18.75 
Na2O 0.50 1.31 1.31 0.50 0.36 0.40 0.33 0.60 
total 101.35 101.48 100.62 99.89 98.98 98.34 99.91 99.81 
Si 1.89 1.90 1.89 1.88 1.85 1.80 1.94 1.90 
Ti 0.02 0.02 0.02 0.02 0.05 0.06 0.03 0.03 
Al 0.18 0.21 0.22 0.18 0.17 0.22 0.10 0.17 
Fe3 0.03 0.03 0.06 0.05 0.05 0.08 0.024 0.02 
Cr - - - - 0.01 0.01 - - 
F  0.25 0.26 0.23 0.23 0.16 0.13 0.31 0.34 
Mn 0.01 0.02 0.02 0.01 - - - - 
Mg 0.73 0.68 0.69 0.74 0.83 0.79 0.78 0.74 
Ca 0.84 0.77 0.78 0.85 0.85 0.88 0.79 0.75 
Na 0.04 0.09 0.09 0.04 0.03 0.03 .0.02 0.04 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygens= (6] [6] (6] (6] [6] [6] (6] (6) 	 - - 
89 	K56 CORE 1 91 K56 RIM 1 93 K56 CORE 3 	95 K65 CORE 1 
90 	K56 MANTLE 1 92 K56 CORE 2 94 K56 CORE 4 96 K65 RIM 1 
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97 98 99 100 101 102 103 104 
SiO2 52.09 52.13 49.93 52.21 48.88 49.31 49.31 49.44 
7102 1.20 1.07 1.48 1.16 2.41 1.88 2.05 2.06 
A1203 1.74 1.72 5.68 1.84 3.27 2.70 2.91 2.91 
Cr203 0.04 0.02 0.24 0.03 0.14 0.06 0.07 0.08 
F.0 10.91 10.25 8.90 10.57 10.68 11.91 11.50 10.41 
N, 0.30 0.28 0.16 0.29 0.22 0.25 0.24 0.20 
NgO 14.65 14.47 14.67 14.23 13.37 13.11 13.08 13.54 
Ca D 18.63 19.55 18.02 19.35 19.95 19.86 19.97 20.48 
Na20 0.32 0.34 0.60 0.35 0.35 0.34 0.36 0.34 
total= 99.88 99.83 99.68 100.03 99.27 99.42 99.49 99.46 
Si 1.95 1.95 1.85 1.95 1.85 1.87 1.87 1.86 
Ti 0.03 0.03 0.04 0.03 0.07 0.05 0.06 0.06 
Al 0.08 0.08 0.25 0.08 0.15 0.12 0.13 0.13 
F.3 0.02 0.03 - 0.03 0.04 0.06 0.05 0.05 
F.2 0.32 0.30 0.27 0.30 0.30 0.32 0.32 0.28 
Mg 0.82 0.81 0.81 0.79 0.75 0.74 0.74 0.76 
Ca 0.75 0.78 0.72 0.78 0.81 0.81 0.81 0.83 
Na 0.02 0.02 0.04. 0.03 0.03 0.02 0.03 0.02 
total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygen. (63 [6] (6] (6] (6] (6) (6] 161 
97 	1(65 CORE 2 100 1(65 RIM 3 103 	KiS G.MASS 3 
98 	K65 RIM 2 101 1(75 G.MASS 1 104 1(75 6.MASS 4 
99 1(65 CORE 3 102 K75 6.MASS 2 
105 106 107 108 109 110 111 112 
S102 49.34 50.65 47.66 49.24 48.42 48.78 51.44 50.94 
T102 1.82 1.58 2.76 2.11 2.27 2.26 0.89 0.86 
A1203 2.77 2.01 3.76 3.17 2.86 3.16 4.78 4.77 
• 	Cr203 0.07 0.04 0.03 0.06 0.03 0.03 0.24 0.24 
FeD 11.07 9.28 12.79 9.46 12.87 11.79 5.52 5.33 
0.23 0.19 0.28 0.21 0.28 0.24 0.12 0.12 
MgO 13.27 14.46 11.36 13.73 11.34 12.04 16.50 16.36 
taO 20.21 - 	 20.29 19.68 20.37 19.73 20.16 20.45 20.55 
Na2O 0.35 0.35 0.61 0.43 0.58 0.55 0.54 0.52 
total= 99.13 98.85 98.93 98.78 98.38 99.01 100.48 99.69 
Si 1.87 1.91 1.83 1.86 1.87 1.86 1.87 1.86 
Ti 0.05 0.04 0.08 0.06 0.07 0.06 0.02 0.02 
Al 0.12 0.09 0.17 0.14 0.13 0.14 0.20 0.21 
Fe3 0.06 0.03 0.06 0.05 0.04 0.05 0.04 0.05 
Fe2 0.29 0.26 0.35 0.25 0.37 0.33 0.12 0.11 
Mg 0.75 0.81 0.65 0.77 0.65 0.68 0.89 0.89 
Ca 0.82 0.82 0.81 0.82 0.82 0.82 0.80 0.81 
Na 0.03 0.03 0.05 0.03 0.04 0.04 0.04 0.04 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygens= 16) (6] (63 (6] 163 161 161 (6] 
105 	1(75 G.MASS 5 	108 1(78 G.MASS 3 111 	L83 RIM 1 
106 	1(78 6.MASS 1 109 1(78 G.MASS 4 112 	L83 CORE 1 
107 	K78 G.MASS 2 	110 1(78 G.MASS 5 
113 114 115 116 117 118 119 120 
S102 47.73 49.63 46.82 47.55 49.59 49.12 50.84 48.19 
7102 1.82 2.11 1.96 3.08 1.27 2.42 0.91 2.81 
A1203 8.26 3.26 9.03 4.96 6.14 3.90 4.74 4.58 
Cr203 0.19 0.07 0.07 0.08 0.13 0.07 0.42 0.08 
FeO 7.82 8.03 7.43 7.93 5.98 7.64 5.37 7.90 
MnO 0.17 0.18 0.14 0.15 0.12 0.17 0.14 0.17 
MgO 13.80 13.70 13.77 13.28 15.39 13.95 16.47 13.34 
CaO 19.87 22.24 19.47 22.32 20.41 22.38 20.06 22.24 
Na2O 0.69 0.41 0.65 0.43 0.56 0.39 0.53 0.42 
total= 100.35 99.63 99.34 99.78 99.59 100.04 99.48 99.73 
Si 1.75 1.85 1.73 1.78 1.82 1.83 1.86 1.80 
Ti 0.05 0.06 0.05 0.09 0.04 0.07 0.03 0.08 
Al 0.36 0.14 0.39 0.22 0.27 0.17 0.20 0.20 
Fe3 0.08 0.06 0.07 0.08 0.06 0.07 0.04 0.07 
Cr - - - - - 
- 0.01 - 
Fe2 0.16 0.20 0.16 0.16 0.13 0.17 0.12 0.18 
Mg 0.76 0.76 0.76 0.74 0.84 0.77 0.90 0.74 
Ca 0.78 0.89 0.77 0.89 0.80 0.89 0.79 0.89 
Na 0.05 0.03 0.05 0.03 0.04 0.03 0.04 0.03 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Oxy9ene (61 (63 161 (6) (6] (6] 163 (61 
113 	L83 CORE 2 115 	183 CORE 3 117 183 CORE 4 	119 L83 CORE 5 
114 	L83 RIM 2 116 	183 RIM 3 118 183 RIM 4 120 L83 RIM 5 
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i21 122 123 124 125 126 127 128 
SiO2 50.20 48.91 47.17 45.56 43.76 45.56 45.46 45.56 
TiO2 1.75 1.50 2.45 2.32 3.40 2.67 2.74 2.67 
A1203 2.41 5.76 6.32 8.49 9.57 8.06 8.07 8.09 
Cr203 0.04 0.58 0.03 0.62 0.15 0.38 0.36 0.39 
F.0 8.67 5.51 7.07 5.98 6.98 6.31 6.40 6.27 
PfriO 0.21 0.10 0.13 0.12 0.11 0.08 0.11 0.09 
MgO 13.74 14.20 12.82 12.72 11.66 12.41. 12.35 12.28 
CaO 22.05 22.29 22.71 22.18 22.83 22.68 22.94 22.66 
Na20 0.39 0.52 0.40 0.57 0.48 0.45 0.43 0.40 
total= 99.46 99.37 99.10 98.56 98.94 98.60 98.86 98.41 
Si 1.88 1.81 1.77 1.71 1.64 1.71 1.71 1.72 
Ti 0.05 0.04. 0.07 0.07 0.10 0.08 0.08 0.08 
Al 0.11 0.25 0.28 0.37 0.42 0.36 0.36 0.36 
F93 0.06 0.06 0.08 0.10 0.12 0.09 0.10 0.07 
Cr - 0.02 - 0.02 - 0.01 .0.01 0.01 
F92 0.21 0.11 0.15 0.09 0.09 0.11 0.10 0.13 
Mg 0.77 0.78 0.72 0.71 0.65 0.70 0.69 0.69 
Ca 0.89 0.88 0.91 0.89 0.92 0.91 0.92 0.92 
It: 0.03 0.04 0.03 0.04 0.03 0.03 0.03 0.03 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygen (6] [6] 163 (6] (6] 163 [6] (6] 
121 	L83 6.MASS 1 124 8113 CORE 2 127 	8113 CORE 38 
122 	8113 CORE 1 125 B113 RIM 2 128 8113 CORE 3C 
123 	8113 RIM 1 126 8113 CORE 3A- 
129 130 131 132 133 134 135 136 
SiO2 45.25 45.16 45.50 43.46 46.95 46.78 47.01 48.68 
T102 2.72 2.62 2.68 3.76 1.81 2.38 1.98 1.80 
A1203 8.10 8.03 8.10 9.76 7.46 6.26 7.26 3.50 
Cr203 0.36 0.41 0.44 0.09 0.84 0.07 0.47 nd 
F.0 6.37 6.36 6.30 7.56 5.53 6.85 7.26 8.48 
MnO 0.09 0.09 0.11 0.12 0.11 0.13 0.16 0.21 
M90 - 12.33 12.37 12.48 10.89 13.18 12.98 13.08 13.98 
CaO 22.75 22.73 22.78 22.57 22.19 22.51 20.95 21.16 
Na2O 0.44 0.43 0.44 0.44 0.54 0.39 0.53 0.53 
total= 98.41 98.20 98.83 98.65 98.61 98.35 98.70 98.34 
Si 1.71 1.71 1.71 1.65 1.76 1.76 1.76 1.84 
Ti 0.08 0.07 0.08 0.11 0.05 0.07 0.06 0.05 
Al 0.36 0.36 0.36 0.44 0.33 0.28 0.32 0.16 
Fe3 0.10 0.10 0.10 0.09 0.07 0.08 0.06 0.11 
Cr 0.01 0.01 0.01 - 0.02 -. 0.01 - 
Fe2 0.10 0.10 0.10 0.15 0.10 0.13 0.16 0.16 
Mg 0.69 0.70 0.70 0.62 0.73 0.73 0.73 0.79 
Ca 0.92 0.92 0.92 0.92 0.89 0.91 0.84 0.86 
Na 0.03 0.03 0.03 0.03 0.04 0.03 0.04 0.04 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxyg.ns (6] 163 163 [6] [6] [6] [6) (6] 
129 	8113 CORE 30 132 8113 RIM 3 135 	CP13G CORE 1 
130 	B113 CORE 3E 133 8113 CORE 4 136 	CP136 RIM 1 
131 8113 CORE 3F 134 8113 RIM 4 
137 138 139 140 141 142 143 144 
SiO2 47.36 43.41 50.34 48.48 49.69 46.64 50.90 48.54 
T102 2.18 3.70 0.83 1.77 1.26 2.09 0.73 1.37 
A1203 5.97 8.95 3.10 4.91 4.61 7.16 5.79 8.25 
Cr203 0.28 0.06 0.01 0.13 0.36 0.49 0.36 0.23 
FeO 7.08 8.78 9.07 7.56 7.07 7.57 6.23 7.69 
MnO 0.16 0.14 0.24 0.14 0.14 0.14 0.13 0.14 
H90 13.33 11.47 13.43 13.85 14.43 13.00 15.56 13.45 
CaD 21.66 21.65 21.36 21.63 21.25 21.45 19.89 19.57 
Na2O 0.51 0.52 0.58 0.43 0.50 0.52 0.58 0.69 
total= 98.53 98.68 98.96 98.90 99.31 99.06 100.17 99.93 
Si 1.78 1.65 1.89 1.82 1.85 1.75 1.86 1.79 
Ti 0.06 0.11 0.02 0.05 0.04 0.06 0.02 0.04 
Al 0.26 0.40 0.14 0.22 0.20 0.32 0.25 0.36 
F.3 0.08 0.14 0.07 0.08 0.06 0.10 0.02 0.02 
Cr - - - - 0.01 0.01 0.01 - 
Fe2 0.14 0.14 0.21 0.16 0.16 0.14 0.17 0.21 
Mg 0.75 0.65 0.75 0.77 0.80 0.73 0.85 0.74 
Ca 0.87 0.88 0.86 0.87 0.85 0.86 0.78 0.77 
Na 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.05 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygen [6] (6] (63 (6) (63 . 	 (6] 163 161 
137 	CP136 CORE 2 140 CP136 RIM 3 143 	K1147 CORE 1 
138 	CP136 AIM 2 141 CP136 CORE 4 144 KT147 RIM 1 
139 	CP136 CORE 3 142 CP136 RIM 4 
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145 146 147 148 149 150 151 152 
SiO2 51.02 52.30 51.61 51.37 51.50 51.80 51.28 51.49 
TiO2 0.66 0.66 0.67 0.71 0.68 0.63 0.69 0.68 
A1203 5.27 5.39 5.34 5.28 5.12 4.95 5.25 5.12 
Cr203 0.42 0.41 0.41 0.40 0.42 0.44 0.43 0.44 
F.O 6.42 6.43 6.41 6.34 6.46 6.41 6.47 6.40 
MnO 0.13 0.12 0.13 0.13 0.14 012 0.13 0.14 
NgO 16.20 16.24 16.21 16.13 16.24 16.36 16.25 16.09 
CaO 18.55 18.70 18.73 18.73 18.40 18.30 18.56 18.56 
Na20 0.65 0.63 0.65 0.64 0.62 0.65 0.64 0.64 
total= 99.32 100.88 100.16 99.73 99.58 99.66 99.70 99.56 
Si 1.88 1.89 1.88 1.88 1.89 1.90 1.88 1.89 
Ti 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Al 0.23 0.23 0.23 0.23 0.22 0.21 0.23 0.22 
Fe3 0.02 0.04 - - - 0.05 0.01 - 
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe2 0.18 0.15 0.19 0.19 0.20 0.15 0.19 0.20 
Mg 0.89 0.88 0.88 0.88 0.89 0.89 0.89 0.88 
Ca 0.73 0.73 0.73 0.74 0.72 0.72 0.73 0.73 
Na 0.05 0.04 0.05 0.05 0.04 0.05 0.05 0.05 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygen 163 163 (63 163 163 (63 163 (63 
145 	1(1147 CORE 2A 	148 K1147 CORE 20 151 	1(1147 CORE 26 
146 1(1147 CORE 28 149 1(1147 CORE 2E 152 1(1147 CORE 2H 
147 	1(1147 CORE 2C 	150 1(1147 CORE 2F 
153 154 155 156 157 158 159 160 
Si02 51.21 50.02 49.49 47.81 46.42 47.48 46.98 50.17 
Ti02 0.63 1.04 1.32 1.57 1.95 1.68 1.80 0.80 
A1203 5.11 6.84 6.37 7.14 8.23 8.43 8.40 4.72 
Cr203 0.42 0.24 0.29 0.42 0.07 0.16 0.06 0.96 
FeO 6.25 7.23 7.22 7.71 8.56 6.35 8.54 6.00 
P0 0.14 0.13 0.13 0.15 0.18 0.14 0.12 0.13 
Ng0 15.84 - 	 14.60 13.90 13.40 12.70 12.78 12.93 15.00 
CaO 18.83 18.85 20.29 19.49 19.07 19.09 18.82 20.09 
Na20 0.60 0.69 0.59 0.74 0.81 0.80 0.82 0.60 
total= 99.03 99.64 99.60 98.43 97.99 98.91 98.47 98.47 
Si 1.89 1.84 1.83 1.79 1.75 1.78 1.76 1.87 
Ti 0.02 0.03 0.04 0.04 0.06 0.05 0.05 0.02 
Al 0.22 0.30 0.28 0.32 0.37 0.37 0.37 0.21 
Fe3 - - 0.02 0.05 0.07 0.04 0.06 0.02 
Cr 0.01 - - 0.01 - - - 0.03 
Fe2 0.20 0.22 0.21 0.19 0.20 0.23 0.21 0.17 
Mg 0.87 0.80 0.77 0.75 0.72 0.71 0.72 0.83 
a 
0.74 0.74 0.81 0.78 0.77 0.76 0.76 0.80 
N 0.04 0.05 0.04 0.05 0.06 0.06 0.06 0.04 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygens= (6] (63 163 (63 (6] 163 163 163 
153 	1(1147 RIM 2 156 1(1160 CORE 1 159 	K1160 RIM 2 
154 K1147 CORE 3 	157 K1160 RIM 1 160 	1(1160 CORE 3 
155 	1(1147 RIM 3 158 1(1160 CORE 2 
161 162 163 164 165 166 167 168 
SiO2 48.11 47.97 46.72 48.83 46.66 48.39 47.39 46.73 
1102 1.38 1.32 1.75 1.27 2.02 1.19 1.34 1.75 
A1203 7.89 7.92 8.27 7.25 8.50 7.76 8.16 8.07 
Cr203 0.23 0.25 0.15 0.37 0.11 0.16 0.17 0.18 
FeO 7.67 7.97 8.22 7.49 8.51 8.11 8.29 8.59 
MnO 0.15 0.17 0.16 0.15 0.14 0.16 0.18 0.17 
MgO 13.46 13.36 12.93 13.79 12.30 14.13 13.83 13.50 
CaO 18.63 18.93 18.86 19.01 19.27 18.75 18.70 18.45 
Na2O 0.75 0.69 0.82 0.77 0.82 0.77 0.79 0.87 
total 98.27 98.58 97.88 98.93 98.33 99.42 98.85 98.31 
Si 1.80 1.80 1.76 1.82 1.76 1.79 1.76 1.75 
Ti 0.04 0.04 0.05 0.04 0.06 0.03 0.04 0.05 
Al 0.35 0.35 0.37 0.32 0.38 0.34 0.36 0.36 
Fe3 0.01 0.03 0.06 0.02 0.05 0.07 0.09 0.10 
Cr - - - 0.01 - - - - 
F.2 0.23 0.22 0.20 0.21 0.22 0.19 0.17 0.17 
Kg 0.75 0.75 0.73 0.77 0.69 0.78 0.77 0.76 
Ca 0.75 0.76 0.76 0.76 0.78 0.74 0.75 0.74 
Na 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygens= (63 (61 (6] 163 (6] 163 (63 (6] 
161 	1(1160 RIM 3 164 1(1160 CORE 5 167 	1(1172 RIM 1 
162 	1(1160 CORE 4 	165 1(1160 RIM 5 168 	1(1172 CORE 2 
163 	1(1160 RIM 4 166 1(1172 CORE 1 
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169 170 171 172 173 174 175 176 
SiO2 48.28 47.64 49.43 48.60 50.34 48.03 47.60 48.90 
Ti02 2.27 1.46 2.00 1.39 1.77 1.66 2.68 1.31 
A1203 4.38 7.67 3.1 7.06 3.00 5.82 5.01 5.58 
Cr203 0.11 0.23 0.04 0.26 .0.05 0.79 0.01 0.72 
F.0 8.64 7.48 8.84 7.40 8.57 5.26 7.84 5.13 
Mr 0.17 0.14 0.18 0.15 0.19 0.12 0.17 0.11 
NgO 13.21 13.74 13.45 14.06 13.69 13.97. 12.54 14.44 
CaO 21.67 20.26 21.38 20.25 21.74 22.44 22.18 22.10 
Na2O 0.42 0.58 0.45 0.54 0.40 0.43 0.49 0.55 
total= 99.15 99.20 99.38 99.71 99.75 98.52 98.52 98.84 
Si 1.82 1.77 1.85 1.80 1.88 1.80 1.80 1.82 
Ti 0.06 0.04 0.06 0.04 0.05 0.05 0.08 0.04 
Al 0.19 0.36 0.16 0.31 0.13 0.26 0.22 0.24 
Fe3 0.07 0.08 0.05 0.05 0.03 0.07 0.05 0.07 
Cr - - - - - 0.02 - 0.02 
Fe2 0.20 0.16 0.23 0.18 0.23 0.10 019 0.09 
Mg 0.74 0.76 0.75 0.77 0.76 0.78 0.71 0.80 
Ca 0.87 0.81 0.86 0.80 0.87 0.90 0.90 0.88 
Na 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.04 
total= 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygen 161 161 (6] 163 (6] (6] [6] [61 
169 	KT172 RIM 2 172 1(1172 CORE 4 	175 	F195 RIM I 
170 	1(1172 CORE 3 173 KT172 RIM 4 176 	F195 CORE 2 
171 1(1172 RIM 3 174 F195 CORE 1 
177 178 179 180 181 182 183 184 
S102 47.78 49.42 45.96 44.93 46.81 45.45 48.24 46.06 
Ti02 2.06 1.31 2.33 3.99 2.69 3.18 2.02 2.77 
A1203 6.19 4.95 7.74 7.06 7.53 8.28 5.15 6.74 
Cr203 0.44 0.70 0.95 0.03 0.61 0.47 0.15 0.32 
FeO 5.88 5.14 5.77 8.74 6.44 6.99 6.60 7.39 
10 0.13 0.11 0.11 0.18 0.09 0.09 0.12 0.11 
MgO- 13.54 14.57 12.98 10.94 12.89 12.44 13.77 12.47 
CaO 22.70 22.27 22.46 22.20 22.36 22.23 22.18 22.22 
Na2O 0.38 0.43 0.45 0.59 0.47 0.44 0.40 0.50 
total= 99.10 98.90 98.75 98.66 99.89 99.57 98.63 98.58 
Si 1.78 1.84 1.72 1.71 1.74 1.70 1.81 1.74 
Ti 0.06 0.04 0.07 0.11 0.08 .0.09 0.06 008 
Al 0.27 0.22 0.34 0.32 0.33 0.36 0.23 0.30 
Fe3 0.06 0.05 0.09 0.07 0.06 0.08 0.06 0.09 
Cr 0.01 0.02 0.03 - 0.02 0.01 - - 
Fe2 0.12 0.11 0.09 0.21 0.14 0.14 0.14 0.14 
Mg 0.75 0.81 0.72 0.62 0.71 0.69 0.77 0.70 
Ca 0.91 0.89 0.90 0.91 0.89 0.89 0.89 0.90 
Na 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.04 
total 4.00 4.00 4.00 4.00 . 	 4.00 4.00 4.00 4.00 
oxygene= (63 (61 (6] 163 163 163 (61 163 
177 	F195 RIM 2 119 F195 CORE 4 	181 F199 CORE 1 183 	F199 CORE 2 
178 	F195 CORE] 180 F195 RIM 4 182 F199 RIM 1 184 F199 RIM 2 
185 186 187 188 189 190 191 192 
SiO2 45.53 49.67 47.78 49.66 50.02 49.64 48.27 49.32 
TiO2 2.84 1.68 2.61 	. 1.42 1.44 1.44 1.79 1.53 
A1203 7.94 4.68 5.73 3.94 4.50 4.58 6.24 5.67 
Cr203 0.33 0.40 0.10 0.05 0.05 0.01 0.29 0.85 
FeD 7.19 6.01 7.61 10.72 9.91 10.39 9.63 8.43 
MnO 0.11 0.10 0.14 0.21 0.19 0.21 0.18 0.16 
MgO 12.43 14.61 13.22 14.26 14.07 13.81 13.92 14.43 
CaO 22.32 22.21 21.85 18.58 19.11. 19.22 18.67 18.91 
Na2O 0.49 0.40 0.38 	. 0.53 0.71 0.66 0.65 0.66 
total 99.18 99.76 99.42 99.37 100.00 99.96 99.64 99.96 
Si 1.71 1.84 1.79 1.86 1.86 1.85 1.80 1.83 
Ti 0.08 0.05 0.07 0.04 0.04 0.04 0.05 0.04 
Al 0.35 0.20 0.25 0.17 0.20 0.20 0.27 0.25 
Fe3 0.10 0.05 0.05 0.06 0.08 0.07 0.07 0.04 
Cr - 0.01 - - - - - 0.02 
F.2 0.12 0.14 0.19 0.27 0.25 0.25 0.23 0.22 
Mg 0.89 0.80 0.74 0.80 0.78 0.77 0.77 0.80 
Ca 0.90 0.88 0.88 0.75 0.76 0.77 0.74 0.75 
Na 0.04 0.03 0.03 0.04 0.05 0.05 0.05 0.05 
total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
oxygens= 161 161 (6] (61 (6] [6) 163 	. 163 
185 	F199 CORE 3 188 1(231 RIM 1 191 	K231 CORE 3 - - 
186 	F199 CORE 4 189 1(231 CORE 2 192 	1(231 RIM 3 
187 	F199 RIM 4 190 1(231 RIM 2 
193 194 195 196 
S102 48.59 48.73 50.03 49.17 
Ti02 1.78 1.62 1.35 1.49 
A1203 6.68 5.41 5.73 5.95 
Cr203 0.16 0.14 0.40 0.19 
F.0 8.90 10.84 8.72 8.76 
MnO 0.15 0.21 0.15 0.16 
PIgO 14.33 13.93 14.95 14.84 
CaO 18.63 17.76 18.38 18.38 
Na2O 0.75 0.56 	. 0.65 0.66 
total= 99.97 99.20 100.36 99.60 
Si 1.80 1.83 1.84 1.82 
Ti 0.05 0.05 0.04 0.04 
Al 0.29 0.24 0.25 0.26 
F.3 0.07 0.05 0.03 0.06 
Cr - - 0.01 - 
F.2 0.21 0.29 0.24 0.21 
Mg 0.79 0.78 0.82 0.82 
Ca 0.74 0.71 0.72 0.73 
Na 0.05 0.04. 0.05 0.05 
total 4.00 4.00 4.00 4.00 
oxygens= 163 (6] (63 (6] 
193 	K231 CORE 4 195 K231 CORE 5 




1 	2 73T) 
SiO2 	0.07 0.12 ( 0.20 	0.25 
T102 21.09 	1.23 \ 16.96 23.11 
*1203 1.79 56.06 115.59-_7.67 
F.203 24.03 nd 	121.20. 	14.15 
Cr2O3 	0.35 	0.72- .0.12 0.19 
F90 47.35 25.23 38.67 47.79 
0.91 0.14 	0.37 	0.61 
NiO 0.07 	nd rid nd 
MgO 1.16 16.29 7.02 -3.15 
ZnO 	0.10 	rid 	rid 	nd 
total 96.92 99.79 100.13 96.92 
Si 	0.02 	0.03 	0.05 	0.07 
Ii 4.84 0.20 3.38 5.05 
Al 	0.64 14.01 4.87 2.63 
F.3 5.52 	1.43 	4.23 	3.09 
Cr 	0.08 0.12 0.03 0.04 
F.2 12.09 3.05 8.58 11.61 
Mn 	0.24 	0.03 	0.08 	.0.15 
Ni 0.02 - - - 
Mg 0.53 5.15 2.78 1.36 
Zn 0.02 	- 	- 	- 
total 24.01 24.00 24.00 24.00 
oxyg.ns 	(32) 	(323 	1323 
I 6C12 CORE 1 13 CORE 2 	5 
2 13 CORE 1 	4 13 
RIM
 2 J 6 
9 -10- 11 	12 
S102 	0.10 	0.24 	0.06 0.10 
T102 27.23 26.19 4.00 	25.71 
*1203 	1.92 3.41 22.95 3.36 
F.203 10.79 	12.68 	11.92 16.74 
Cr203 0.38 0.16 26.20 	0.12 
FeO - 50.41 51.17 26.53 48.23 
KnO 4.66 	1.73 	0.67 0.59 
PIgO 	0.26 1.65 7.88 	4.27 
total= 95.75 	97.23 	100.21 99.12 
Si 	0.03 0.07 0.02 	0.03 
Ti 6.32 	5.88 	0.77 5.57 
Al 	0.70 1.20 6.88 1.14 
F.3 2.51 2.85 2.28 	3.63 
Cr 	0.09 	0.04 	5.27 0.03 
F.2 13.01 12.78 5.65 11.62 
Mn 	1.22 0.44 0.14 	0.14 
Mg 0.12 	0.73 	2.99 1.83 
total= 24.00 24.00 24.00 	24.00 
oxygens= 	1323 	(32] 	[323 (32] 
9 H24 G.MASS 4 11 H38 CORE 2 	13 
10 1138 CORE 1 	12 H38 CORE 3 14 
17 18 	19 	20 
SiO2 	0.41 	0.16 0.18 0.18 
Ti02 23.79 23.86 	23.50 	23.58 
*1203 	1.91 1.86 1.91 1.85 
Fe203 17.23 	18.35 19.02 18.88 
Cr203 0.35 0.33 	0.34 	0.33 
F90 49.30 48.08 48.69 49.21 
PInO 	125 	1.07 1.20 1.11 
NiO rid nd 	rid 	rid 
PIgO 	1.38 2.16 1.60 1.38 
ZnO rid 	rid 	rid 	rid 
total 95.62 95.87 96.44 96.52 
Si 	0.13 	0.05 	0.05 	0.05 
Ti 5.49 5.47 5.38 5.41 
Al 	0.69 0.67 0.69 0.66 
Fe3 3.98 	4.21 	4.36 	4.33 
Cr 	0.08 0.08 0.08 0.08 
F.2 12.66 12.26 12.40 12.55 
Mn 	0.33 	0.28 	0.31 	0.29 
Ni - - - - 
Mg 0.63 0.98 0.73 0.63 
total= 24.00 	24.00 	24.00 	24.00 
oxyg.na= 	[32] 1321 [32] (32) 
17 1(65 CORE 2* 	19 1(65 CORE 2C 	21 
18 1(65 CORE 28 20 1(65 CORE 20 22 
5 	6 	7 	8 
0.56 0.16 0.13 0.07 
26.90 	26.77 	26.51 	25.01 
2.44 2.11 2.06 2.54 
12.94 12.55 12.45 12.60 
0.61 	0.26 	0.33 	2.81 
52.25 49.86 50.72 49.72 
0.74 5.15 3.79 4.04 
rid 	rid 	rid 	rid 
2.55 0.40 0.36 0.07 
rid 	rid 	rid 	rid 
98.99 97.26 96.35 96.86 
0.16 	0.05 	0.04 	0.02 
5.92 6.11 6.11 5.74 
0.84 0.75 0.74 0.91 
2.85 	2.87 	:2.87 	2.89 
0.14 0.06 0.08 0.68 
12.79 12.65 13.00 12.68 
0.18 	1.32 	0.98 	1.04 
1.11 0.18 0.16 . 0.03 
24.00 	24.00 	26.00 	24.00 
1323 [323 1323 [323 
13 G.MASS 1 	7 1124 G.MASS 2 
H24 G.MASS 1 8 1124 6.MASS 3 
13 	14 	15 	16 
0.54 0.12 0.14 0.21 
24.70 	27.10 	23.48 	23.58 
3.21 2.56 1.88 1.87 
16.73 11.27 19.46 18.53 
0.86 	0.11 	0.31 	0.31 
52.93 54.53 47.60 49.26 
0.80 1.23 0.67 1.24 
0.71 	0.10 	2.53 	1.23 
98.48 97.02 96.07 96.23 
0.16 	0.04 	0.04 	0.06 
5.53 6.20 5.36 5.43 
1.13 0.92 0.67 	. 0.67 
3.30 	2.58 	4.45 4.27 
0.20 0.03 0.07 0.08 
13.17 13.88 12.09 	12.61 
0.20 	0.32 	0.17 0.32 
0.31 0.05 1.14 0.56 
24.00 	24.00 	24.00 	24.00 
023 (32] 1323 1323 
H38 CORE 4 	15 1(65 CORE 1* 
1141 6.MASS 1 16 1(65 CORE 18 
21 	22 	23 	24 
0.21 0.85 0.09 0.19 
21.70 	6.03 	7.21 	13.53 
1.88 22.36 11.11 12.07 
22.75 23.05 40.92 28.27 
0.37 	10.41 	1.38 	1.57 
46.80 27.27 30.37 36.43 
0.60 0.34 0.29 0.38 
nd 	rid 	0.09 	0.10 
2.16 9.15 3.45 5.28 
rid 	rid 	0.02 0.01 
96.47 	.99.46 94.93 	97.83 
0.06 0.22 	0.03 0.05 
4.96 	1.16 1.59 	2.84 
0.67 6.73 3.83 3.97 
5.20 4.43 	9.01 5.94 
0.09 	2.10 0.32 	0.35 
11.89 5.82 7.43 8.51 
0.15 0.07 	0.07 0.09 
- 	- 0.02 	0.02 
0.98 3.48 1.50 2.20 
24.00 	24.00 	23.81 	23.98 
(32] 1323 [323 . [323 
1(65 CORE 3 	23 KT160 CORE 2 
1(1160 CORE 1 24 1(1160 CORE 3 
282 
25 26 27 28 29 30 31 32 
S102 0.11 0.11 0.15 0.10 0.08 0.11 1.31 0.72 
T102 12.55 6.08 12.21 13.38 2.10 11.76 17.75 18.10 
A1203 9.39 23.40 15.25 1461 47.13 11.43 4.30 4.05 
F.203 34.65 23.65 30.44 28.27 14.70 32.67 25.44 26.13 
Cr203 1.13 10.82 1.54 0.49 1.42 1.56 0.13 0.12 
F.0 35.53 26.68 32.09 36.91 21.94 36.01 46.00 45.48 
0.25 0.18 0.30 0.30 0.09 0.32 0.91 1.03 
NiO 0.11 0.10 0.09 0.07 0.06 0.10 rid rid 
$90 5.30 9.10 8.42 5.76 12.55 4.63 1.50 1.36 
ZnO 0.01 rid rid rid nd 0.02 rid rid 
total= 99.03 100.12 100.49 99.89 100.07 98.61 97.34 96.99 
Si 0.03 0.03 0.04 0.03 0.02 0.03 0.39 0.22 
Ti 2.65 1.16 2.42 2.72 0.36 2.48 3.98 4.09 
Al 3.10 6.98 4.73 4.65 12.51 3.77 1.51 1.44 
F93 7.31 4.51 6.03 5.75 2.49 6.89 5.71 5.91 
Cr 0.25 2.17 0.32 0.10 0.25 0.35 0.03 0.03 
F.2 8.34 5.65 7.07 8.34 4.13 8.44 11.48 11.44 
Pi 0.06 0.04 0.07 0.07 0.02 0.08 0.23 0.26 
Ni 0.02 0.02 0.02 0.02 0.01 0.02 - - 
Mg 2.22 3.43 3.30 2.32 4.21 1.93 0.67 0.61 
total= 23.99 23.99 24.00 24.00 24.00 23.99 24.00 24.00 
oxygena= __ 1321 _____.t321 (323 (32] (323 [321_____ 1321 1323 
25 	KTIGO CORE 4 28 KT160 CORE 7 31 	K231 CORE 1A 
26 KT160 CORE 5 29 KT160 CORE 8 32 K231 CORE 18 
27 	KT160 CORE 6 30 KT16O CORE 9 
33 34 
SiO2 0.35 0.41 
T102 18.29 18.20 
A1203 3.73 3.71 
F.203 21.89 22.05 
Cr203 4.09 4.01 
FeO 46.11 46.19 
W0 1.20 1.20 
$90 0.46 0.41 
total 96.12 96.18 
Si - 0.11 0.13 
Ti 4.21 4.18 
Al 1.34 1.34 
F.3 5.04 5.07 
Cr 0.99 0.97 
F92 11.79 11.81 
Mn 0.31 0.31 
Mg 0.21 0.19 
total= 24.00 24.00 
oxyg.n.= (32] 1323 
33 	1(231 CORE 2 
34 1(231 RIM 2 
283 
FELDSPAR 
1 2 3 4 5 6 7 8 
S102 63.47 65.22 63.72 66.60 59.59 60.19 65.14 64.57 
Ti02 rid rid rid rid rid 0.06 0.09 0.12 
A1203 20.50 18.93 20.59 18.88 2475 25.35 19.63 19.34 
F90 0.19 0.38 0.15 0.69 0.26 0.54 0.35 0.39 
P40- rid nd rid 0.01 0.03 0.08 rid 0.03 
taO 1.37 0.45 1.37 0.22 6.42 6.77 0.99 0.78 
Na2O 5.70 6.13 6.00 5.78 6.63 6.84 6.63 5.40 
K20 7.02 7.65 6.48 8.23 1.62 1.25 6.31 8.08 
8*0 1.66 rid 1.43 rid 0.15 rid rid rid 
total= 99.91 98.76 99.74 100.41 99.45 101.08 99.14 98.71 
Si 11.58 11.89 11.59 11.96 10.74 10.67 11.78 11.80 
Ti - - - - - - 0.01 0.02 
Al 4.41 4.07 4.41 3.99 5.26 5.30 4.18 4.17 
F.2 0.03 0.06 0.02 0.10 0.04 0.08 0.05 0.06 
Mg - - - - - 0.02 - - 
Ca 0.27 0.09 0.27 0.04 1.24 1.29 0.19 0.15 
Na 2.02 2.17 2.12 2.01 2.32 2.35 2.33 1.91 
K 1.63 1.78 1.50 1.88 0.37 0.28 1.46 1.88 
Ba 0.12 - 0.10 - 0.01 - - - 
total= 20.05 20.05 20.01 20.00 19.98 19.99 20.00 20.00 
oxygens= (32] 1323 (32] 023 023 (32] (32] (32] 
1 	LI CORE 1 3 	LI CORE 2 5 	11 CURE 3 7 	Li RIM 4A 
2 	Li RIM 1 4 	11 RIM 2 6 	11 CORE 4 8 	Li RIM 4B 
9 10 11 12 13 14 15 16 
SiO2 57.67 62.83 62.58 64.39 53.31 50.66 52.89 49.90 
T102 rid rid rid rid 0.11 0.12 0.12 0.11 
A1203 25.31 20.41 19.98 18.89 28.27 30.05 28.59 30.03 
F.0 0.34 0.21 0.15 0.54 0.40 0.57 0.39 0.72 
MgO 0.02 rid rid rid 0.09 0.08 0.09 0.12 
CaD 7.55 1.52 1.02 0.68 10.97 13.09 11.57 13.54 
Na2O 6.30 5.86 5.45 5.94 4.88 3.87 4.57 3.51 
K20 1.29 6.24 7.13 7.76 0.61 0.30 0.45 0.23 
BaO 0.17 1.39 1.49 0.02 rid rid rid nd 
total 98.65 98.46 97.80 98.22 98.64 98.74 98.67 98.16 
Si 10.52 11.57 11.64 11.84 9.80 9.36 9.72 9.29 
Ti - - - - 0.02 0.02 0.02 0.02 
Al 5.44 4.43 4.38 4.09 6.12 6.54 6.19 6.59 
F.2 0.05 0.03 0.02 0,08 0.06 0.09 0.06 0.11 
no - - - - 0.02 0.02 0.02 0.03 
Ca 1.48 0.30 0.20 0.13 2.16 2.59 2.28 2.70 
Na 2.23 2.09 1.96 2.12 1.74 1.39 1.63 1.27 
K 0.30 1.47 1.69 1.82 0.14 0.07 0.11 0.05 
Ba 0.01 0.10 0.11 - - - - - 
total= 20.03 19.99 20.00 20.09 20.07 20.08 20.03 20.06 
oxygen* (32) 1323 (32] (32] (321 1321 (32] (32] 
9 	Ii CORE 5 11 	LI CORE 6 13 	19 CORE 1 15 	19 CORE 2 
10 	Li RIM 5 12 Li RIM 6 14 	L9 RIM 1 16 	L9 RIM 2 
17 18 19 20 21 22 23 24 
5102 53.28 50.69 50.99 51.09 52.08 51.85 53.14 50.98 
TiO2 0.11 0.08 0.09 0.08 0.09 0.13 0.08 0.09 
A1203 28.87 30.23 30.26 29.92 29.71 29.93 28.79 29.94 
F.O 0.35 0.47 0.38 0.41 0.43 0.64 0.39 0.56 
MgO 0.11 0.09 0.10 0.11 0.09 0.07 0.09 0.10 
CaD 11.53 13.32 13.44 13.18 12.78 12.77 11.57 13.24 
Na2O 4.65 3.63 3.56 3.74 3.91 3.87 4.50 3.74 
K20 0.36 0.27 0.28 0.31 0.39 0.29 0.52 0.33 
total= 99.26 98.78 99.10 98.84 99.47 99.55 99.08 98.98 
Si 9.73 9.35 9.37 9.42 9.52 9.48 9.73 9.39 
Ti 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 
Al 6.21 6.57 6.55 6.50 6.40 6.45 6.21 6.50 
F,2 0.05 0.07 0.06 0.06 0.07 0.10 0.06 0.09 
Mg 0.03 0.02 0.03 0.03 0.02 0.02 0.02 0.03 
Ca 2.25 2.63 2.65 2.60 2.50 2.50 2.27 2.61 
Na 1.65 1.30 1.27 1.34 1.39 1.37 1.60 1.34 
K 0.08 0.06 0.07 0.07 0.09 0.07 0.12 0.08 
totals 20.02 20.03 20.01 20.03 20.00 20.00 20.02 20.05 
oxygena= 1323 (32] (32] [32] 9323 (32] 1321 (323 
17 	19 CORE 3 19 	19 CORE 4 21 	111 CORE 1 23 	111 CORE 2 
19 19 RIM 3 20 L9 RIM 4 22 Lii RIM 1 24 	Lii RIM 2 
284 
25 26 27 28 29 30 31 32 
S102 52.15 53.55 55.39 54.28 54.15 54.99 54.68 53.95 
7102 0.08 0.16 0.07 0.08- 0.08 0.09 0.07 0.08 
£1203 29.41 28.73 27.14 27.86 28.18 28.01 28.23 27.88 
F.0 0.39 0.58 0.42 0.36 0.40 0.44 0.36 0.55 
IlgO 0.10 0.09 0.08 0.09 0.08 0.08 0.07 0.24 
taO 12.34 11.65 9.79 10.11 10.79 10.38 10.33 10.30 
Na2O 4.15 4.55 5.45 5.19 4.94 5.06 5.14 5.17 
K20 0.45 0.32 0.89 0.78 0.76 0.70 0.80 0.56 
total 99.07 99.63 99.23 98.75 99.38 99.75 99.68 98.73 
Si 9.57 9.74 10.09 9.94 9.87 9.96 9.92 9.89 
Ti 0.01 0.02 - 0.01 0.01 0.01 - 0.01 
Al 6.36 6.16 5.83 6.01 6.05 5.98 6.04 6.02 
F.2 0.06 0.08 0.06 0.06 0.06 0.07 0.05 0.08 
no 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.07 
Ca 2.43 2.27 1.91 1.98 2.11 2.02 2.01 2.02 
Na 1.48 1.61 1.92 1.84 1.75 1.78 1.81 1.84 
K 0.11 0.07 0.21 0.18 0.18 0.16 0.19 0.13 
total 20.03 19.99 20.05 20.05 20.05 20.00 20.05 20.07 
oxyg.na= 1323 (32] (32] (32] 1323 (323 (32] 1323 
25 	Lii CORE 3 27 	115 CORE 1 29 	115 CORE 2 31 	115 CORE 4 
26 Lii RIM 3 28 115 RIM 1 30 	115 CORE 3 32 	115 RIM 4 
33 34 35 36 37 38 39 40 
S102 5233 52.03 49.22 49.09 47.59 55.72 52.25 52.29 
TiO2 0..08 0.08 0.04 0.03 0.02 0.02 0.07 0.10 
£1203 30.25 30.13 31.02 31.61 32.62 27.05 28.08 28.54 
F.0 0.41 0.38 0.38 0.37 0.45 0.31 0.43 0.59 
PIgO 0.08 0.07 0.09 0.10 0.06 0.04 0.09 0.09 
U0 13.02 12.74 14.76 15.37 16.65 9.79 10.88 11.11 
Na2O 3.85 3.91 2.84 2.46 1.97 5.54 4.79 4.66 
K20 0.41 - 0.47 0.27 0.21 0.12 0.71 0.54 0.47 
total= 100.43 99.81 98.62 99.24 99.48 99.18 97.13 97.85 
Si 9.48 9.48 9.13 9.05 8.79 10.14 9.76 9.70 
Ti 0.01 0.01 - - - - - 0.01 
Al 6.46 6.47 6.78 6.87 7.10 5.80 6.18 6.24 
F92 0.06 0.06 0.06 0.06 0.07 0.05 0.07 0.09 
Mg 0.02 0.02 0.02 0.03 0.02 0.01 0.03 0.02 
Ca 2.53 2.49 2.93 3.04 3.30 1.91 2.18 2.21 
Na 1.35 1.38 1.021 0.88 0.71 1.95 1.73 1.68 
K 0.09 0.11 0.06 0.05 0.03 0.16 0.13 0.11 
total= 20.00 20.02 20.02 19.97 20.02 20.02 20.08 20.06 
oxygen* (32] (32] (32] (321 1323 1323 (32] 1323 
33 	115 CORE 5 35 H23 CORE 1 37 1123 RIM 1 39 	H23 CORE 2 
34 	115 RIM 5 36 H23 MANTLE 1 	38 1123 G.MASS 1 40 	1123 RIM 3 
41 42 43 44 45 46 47 48 
St02 50.22 49.00 49.14 51.48 51.41 51.30 52.20 48.75 
7102 0.04 0.05 0.03 0.06 0.05 0.06 0.09 0.03 
*1203 30.84 31.65 31.46 29.79 29.94 30.46 30.01 31.47 
P.O 0.42 0.48 0.51 0.46 0.51 0.46 0.49 0.42 
PIgO 0.08 0.07 0.06 0.07 0.08 0.06 0.09 0.08 
taO 13.79 14.75 14.41 12.75 12.83 13.10 12.61 14.74 
Na20 3.35 2.76 2.93 3.87 3.78 3.70 4.02 2.84 
120 0.28 0.26 0.20 0.34 0.37 0.24 0.42 0.24 
total: 99.02 99.02 98.74 98.82 98.97 99.38 99.93 98.57 
Si 9.25 9.05 9.10 9.48 9.45 9.39 9.50 9.05 
Ti - - - - - - 0.01 - 
Al 6.70 6.89 6.86 6.46 6.49 6.57 6.44 6.89 
P.2 0.06 0.07 0.08 0.07 0.08 0.07 0.07 0.07 
PIg 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Ca 2.72 2.92 2.86 2.51 2.53 2.57 2.46 2.93 
Na 1.20 0.99 1.05 1.38 1.35 1.31 1.42 1.02 
K 0.07 0.06 0.05 0.08 0.09 0.06 0.10 0.06 
total: 20.03 20.02 20.02 20.01 20.01 20.00 20.03 20.04 
oxyg.na= 1321 1323 1323 (32] (321 1323 1323 (32] 
41 	1123 CORE 3 43 H23 RIM 3 45 H23 RIM 4A 47 	1123 CORE 5 
42 H23 MANTLE 3 44 1123 CORE 4 46 H23 RIM 4B 48 	1123 CORE 6 
285 
	
49 	50 	51 	52 	53 	54 	55 	56 
S102 53.82 	62.86 	51.36 	51.20 	50.84 	50.79 	47.93 	49.70 
T102 0.13 0.16 0.08 0.07 0.07 0.07 0.10 0.08 
A1203 27.83 	22.02 	30.24 	30.64 	2997 	30.94 	28.40 	30.80 
F.0 1.06 0.40 0.72 0.63 1.60 0.70 2.85 0.74 
$ 	0.19 	0.02 	0.11 	0.12 	0.97 	0.17 	3.15 	0.11 
Ca0 10.73 3.17 13.90 13.88 13.71 13.51 12.73 14.52 
Na20 4.96 	7.20 	3.48 	3.38 	3.06 	3.48 	2.80 	3.04 
IQO 0.36 3.36 0.22 0.27 0.21 0.30 0.22 0.22 
total 99.08 	99.25 	100.11 	100.18 	100.43 	99.96 	98.18 	99.22 	-- 
Si 	9.86 	11.31 	9.37 	9.33 	9.28 	9.27 	9.03 	9.17 
Ti 0.02 0.02 0.01 - - - 0.01 0.01 
Al 	6.01 	4.67 	6.50 	6.58 	6.45 	6.66 	6.31 	6.70 
F.2 0.16 0.07 0.11 0.10 0.24 0.11 0.45 0.11 
Mg 0.05 	- 	0.03 	0.03 	0.26 	0.05 	088 	0.03 
Ca 	2.11 0.61 2.72 2.71 2.68 2.64 2.57 2.87 
Na 1.76 	2.51 	1.23 	1.19 	1.08 	1.23 	1.02 	1.09 
K 0.08 0.77 0.05 0.06 0.05 0.07 0.05 0.05 
total 	20.05 	19.97 	20.01 	20.01 	20.05 	20.04 	20.34 	20.04 
oxyg.ns= 1323 1323 (323 [32] 1323 1323 (32] 1323 
49 1423 G.PIASS 	1 51 1424 G.MASS 1 	53 1424 G.MASS 3 	55 1424 G.MASS 5 
50 1423 6.MASS 	2 52 H24 G.MASS 2 54 1424 G.PIASS 4 56 1424 6.MASS 6 
57 58 	58 	60 	61 	62 	63 	64 
SiO2 51.54 	51.14 	53.06 	51.77 	51.04 	52.45 	52.14 	51.40 
Ti02 	0.13 0.09 0.09 0.10 0.11 0.08 0.11 0.10 
A1203 29.48 	29.56 	28.56 	29.53 	29.96 	27.75 	29.45 	30.06 
F.0 	1.01 0.55 0.33 0.48 0.37 0.33 0.34 0.45 
MgO 0.30 	0.13 	0.07 	0.11 	0.09 	0.08 	0.08 	0.09 
CaO 13.22 13.35 11.77 12.87 12.94 10.88 12.63 13.15 
Na2O 3.86 	3.77 	4.62 	4.02 	3.98 	4.99 	4.14 	3.82 
K20 0.24 0.34 0.41 0.39 0.36 0.50 0.36 0.35 
total 99.78 	98.93 	98.91 	99.27 	98.85 	97.06 	99.25 	99.42 
Si 	9.44 	9.43 	9.73 	9.50 	9.41 	9.80 	9.55 	9.42 
Ti 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.01 
Al 	6.36 	6.43 	6.17 	6.39 	6.51 	6.11 	6.36 	6.49 
F.2 0.15 0.08 0.05 0.07 0.06 0.05 0.05 0.07 
Mg 0.08 	0.04 	0.02 	0.03 	0.02 	0.02 	0.02 	0.02 
Ca 	2.59 2.64 2.31 2.53 2.56 2.18 2.48 2.58 
Na 1.37 	1.35 	1.64 	1.43 	1.42 	1.81 	1.47 	1.36 
K 0.06 0.08 0.10 0.09 0.08 0.12 0.08 0.08 
total= 20.08 	20.06 	20.04 	20.05 	20.08 	20.10 	20.03 	20.04 
oxygen* 	(323 (32] (32] (32] [323 (32] 1323 (32] 
57 1424 G.MASS 	7 59 	1430 CORE 	1 61 1430 CORE 2 	63 1430 	CORE 5 
58 H24 6-MASS 	8 60 	1430 RIM 	1 62 1430 CORE 4 64 H30 	RIM 5 
65 66 67 68 	69 	70 	11 	72 
S102 48.96 	49.46 	52.61 	51.63 	52.13 	52.51 	52.07 	52.30 
T102 	0.08 0.10 0.12 0.11 0.08 0.09 0.09 0.12 
A1203 31.65 	30.72 	29.84 	29.65 	29.48 	29.26 	29.60 	29.07 
F.0 0.47 0.44 0.35 0.53 0.42 0.43 0.50 0.47 
MgO 0.10 	0.08 	0.07 	0.12 	0.08 	0.09 	0.08 	0.10 
Ca O 15.07 14.14 12.61 13.11 12.61 12.55 12.96 12.48 
Na20 2.87 	3.36 	4.23 	3.86 	4.19 	4.20 	3.93 	4.24 
K20 0.25 0.30 0.37 0.35 0.34 0.40 0.30 0.32 
total= 99.45 	98.60 	100.20 	99.36 	99.33 	99.53 	99.53 	99.10 
Si 	9.02 	9.18 	9.54 	9.47 	9.55 	9.59 	9.52 	9.60 
Ti 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02 
Al 	6.88 	6.72 	6.38 	6.41 	6.36 	6.30 	6.38 	6.29 
F.2 0.07 0.07 0.05 0.08 0.06 0.07 0.08 0.07 
Mg 0.03 	0.02 	0.02 	0.03 	0.02 	0.02 	0.02 	0.03 
Ca 	2.98 2.81 2.45 2.58 2.47 2.46 2.54 2.45 
Na 1.03 	1.21 	1.49 	1.37 	1.49 	1.49 	1.39 	1.51 
K 0.06 0.07 0.09 0.08 0.08 0.09 0.07 0.07 
total= 20.07 	20.09 	20.04 	20.04 	20.05 	20.03 	20.01 	20.04 
oxygens= (32] 1323 1323 (32] 1323 (32] 1323 (32] 
65 H30 CORE 6 	61 1430 CORE 7 	68 1433 CORE 1 	71 H33 CORE 3 
66 H30 RIM 6 68 H33 RIM 1 70 1433 CORE 2 72 H33 RIM 3 
286 
	
73 	74 	75 	76 	77 	78 	79 	80 
SiO2 54.20 50.47 50.58 50.36 49.83 51.51 51.74 49.74 
Ti02 	0.08 	0.14 	0.14 	0.12 	0.16 	0.17 	0.11 	0.12 
*1203 28.44 28.71 28.19 30.67 30.28 29.58 29.96 29.90 
F.0 0.33 2.80 2.60 0.64 0.82 0.79 0.52 1.04 
N09 0.09 	1.17 	1.24 	0.10 	0.16 	0.10 	0.10 	0.37 
CaO 11.38 11.70 11.51 13.90 13.39 12.47 12.92 13.44 
N20 4.83 3.78 4.12 3.37 3.42 3.99 3.83 3.43 
K20 0.42 	0.33 	0.48 	0;26 	0.24 	0.30 	0.31 	0.28 
total 99.77 99.10 98.86 99.42 98.30 98.91 99.49 98.30 
Si 9.83 	9.37 	9.42 	9.25 	9.26 	9.48 	9.46 	9.26 
Ti 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Al 6.08 6.28 6.19 6.64 6.63 6.42 6.46 6.56 
F.2 	0.05 	0.43 	0.40 	0.10 	0.13 	0.12 	0.08 	0.16 
no 0.02 0.32 0.34 0.03 0.04 0.03 0.03 :0.10 
Ca 2.21 2.33 2.30 2.74 2.67 2.46 2.53 2.68 
Na 	1.70 	1.36 	1.49 	1.20 	1.23 	1.42 	1.36 	1.24 
K 0.10 0.08 0.11 0.06 0.06 0.07 0.07 0.06 
total 	20.01 	20.19 	20.27 	20.04 	2004 	20.03 	20.01 	20.09 
oxyg.na= (323 1321 (321 (321 1321 1321 (323 1323 
73 1433 CORE 4 	75 H34 CORE 2 	77 1434 CORE 4 	79 1434 CORE 5 
74 1434 CORE 1 76 1434 CORE 3 78 1434 RIM 4 80 1434 CORE 6 
81 	82 	83 	84 	85 	86 	87 	88 
St02 56.09 45.97 46.99 56.65 55.14 50.46 54.69 53.70 
T102 0.06 	0.08 	0.09 	0.05 	0.06 	0.12 	0.09 	0.10 
*1203 27.05 31.94 32.32 26.04 27.19 29.42 27.61 28.37 
F.0 0.28 0.50 0.52 0.25 0.27 0.57 0.38 0.42 
NgO 0.05 	0.09 	0.08 	0.04 	0.05 	0.09 	0.06 	0.08 
CaO 	9.89 16.44 16.45 8.85 9.84 13.10 10.64 11.12 
Na20 5.51 2.10 2.06 6.20 5.64 3.88 5.23 4.94 
K20 0.79 	0.14 	0.17 	0.71 	0.58 	0.35 	0.49 	0.54 
total= 99.72 87.26 98.68 98.79 98.77 97.99 99.19 99.27 
Si 10.15 	8.71 	8.77 	10.32 	10.08 	9.40 	9.97 	9.81 
Ti 	- 0.01 0.01 - - 0.02 0.01 0.01 
Al 5.77 7.14 7.11 5.59 5.86 6.46 5.93 6.11 
F92 0.04 	0.08 	0.08 	0.04 	0.04 	0.09 	0.06 	0.06 
Hg 	0.01 0.03 0.02 0.01 0.01 0.02 0.02 0.02 
Ca 1.92 3.34 3.29 1.73 1.93 2.62 2.08 2.18 
Na 	1.93 	0.77 	0.75 	2.19 	2.00 	1.40 	1.85 	1.75 
K 0.18 0.03 0.04 0.17 0.14 0.08 0.11 0.13 
total= 20.02 	20.11 	20.06 	20.05 	20.05 	20.09 	20.03 	20.06 
axygen.= (323 (323 1323 1323 1323 9321 (321 (321 
81 1438 CORE 1 	83 H38 CORE 	28 85 	H38 CORE 	4 87 	H38 CORE 5 
82 1436 CORE 2* 84 H38 CORE 	3 86 1438 RIM 	4 88 	H38 RIM 	5 
89 	90 	91 92 	93 94 85 96 
SiO2 54.94 57.06 57.19 	52.01 51.95 	52.30 	50.29 	50.61 
Ti02 	0.08 	0.05 	0.07 0.13 	0.14 0.13 0.13 0.15 
*1203 27.81 26.57 26.72 29.14 29.21 28.46 29.76 30.39 
F.0 	0.22 0.20 0.19 	0.53 0.51 	0.46 	1.51 	0.61 
NgO 0.03 	0.03 	0.03 0.09 	0.08 0.10 0.74 0.09 
CaO 10.38 8.91 8.85 12.22 12.18 12.18 11.67 13.63 
Na20 5.48 6.05 6.12 	4.17 4.25 	4.20 	3.57 	3.55 
K20 0.45 	0.74 	0.58 0.38 	0.36 0.36 0.47 0.29 
total= 99.39 99.61 99.75 	98.67 98.68 	99.19 	98.14 	99.32 
Si 	9.98 	10.30 	10.30 9.58 	9.57 9.58 9.36 9.31 
Ti 0.01 - - 	0.02 0.02 	0.02 	0.02 	0.02 
Al 	5.96 5.65 5.67 6.33 6.34 6.36 6.52 6.59 
F.2 0.03 	0.03 	0.03 0.08 	0.08 0.07 0.23 0.09 
Mg - - - 	0.02 0.02 	0.03 	0.21 	0.02 
Ca 	2.02 1.72 1.71 2.41 2.40 2.39 2.33 2.69 
Na 1.93 	2.12 	2.14 1.49 	1.52 1.49 1.29 1.27 
K 	0.10 0.17 0.13 	0.09 0.08 	0.08 	0.11 	0.07 
total= 20.05 	20.01 	19.99 20.03 	20.04 20.01 20.06 20.05 
oxyg.rts= 	1321 1323 1321 	1321 1323 	1323 	(323 	(323 
89 1438 CORE 6 	91 	1438 MANTLE 6 	93 H40 RIM 1 85 1440 RIM 2 
90 1438 RIM 6 92 H40 CORE 	1 94 1440 CORE 2 	96 1440 CORE 3 
287 
97 98 99 100 101 102 103 104 
SiO2 51.33 50.33 53.70 53.23 52.09 53.34 52.50 52.12 
Ti02 0.12 0.11 0.11 0.10 0.12 0.12 0.11 0.11 
*1203 29.51 30.16 29.95 29.28 2997 29.01 30.00 29.66 
F.O 0.51 0.57 0.60 0.49 0.65 0.53 0.55 0.63 
M1 0.09 0.09 0.08 0.10 0.15 0.09 0.10 0.11 
CaO 12.65 13.28 12.37 11.94 12.70 11.58 12.49 12.29 
Na20 3.96 3.58 4.04 4.40 3.92 4.50 4.17 4.14 
K20 0.33 0.25 0.40 0.38 0.35 0.44 0.35 0.35 
total 98.50 98.37 101.25 99.92 99.95 99.61 100.27 99.41 
Si 9.49 9.33 9.62 9.67 9.48 9.71 9.52 9.53 
Ti 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 
Al 6.43 6.59 6.33 6.27 6.43 6.22 6.41 6.39 
F.2 0.08 0.09 0.09 0.07 0.10 0.08 0.08 0.10 
Mg 0.02 0.02 0.02 0.03 0.04 0.02 0.03 0.03 
Ca 2.50 2.64 2.38 2.32 2.48 2.26 243 2.41 
Na 1.42 1.29 1.40 1.55 1.38 1.59 1.47 1.47 
K 0.08 0.06 0.09 0.09 0.08 0.10 0.08 0.08 
totals 20.03 20.03 19.95 20.01 20.02 20.01 20.03 20.03 
oxyg.ns t323 1323 023 1323 1323 (323 023 (321 
97 	H40 CORE 4 99 	H41 AIM 1 101 H41 CORE 3 	103 H41 CORE 4 
98 H40 RIM 4 100 H41 CORE 2 102 H41 RIM 3 104 1441 RIM 4 
105 106 107 108 109 110 111 112 
SiO2 51.57 52.99 50.60. 56.45 53.12 51.55 50.44 51.86 
Ti02 0.10 0.10 0.14 0.15 0.14 0.13 0.12 0.11 
*1203 28.69 29.34 30.24 25.91 28.09 29.10 29.94 29.51 
FeD 1.73 0.67 0.57 0.39 0.59 0.55 0.44 0.51 
MgO 0.93 0.24 005 0.07 0.06 . 	 0.05 0.02 0.09 
CaD 11.51 12.06 13.39 8.23 11.11 12.35 13.19 12.86 
Na2O 3.97 4.18 3.63 6.24 4.86 4.19 3.77 4.05 
K20 0.40 0.36 . 	 0.21 0.73 0.35 0.30 0.26 0.31 
total= 98.90 99.94 98.83 98.17 98.32 98.22 98.18 99.30 
Si 9.52 9.63 9.34 .10.34 9.80 9.55 9.37 9.51 
Ti 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
Al 6.24 6.28 6.58 5.59 6.10 6.35 6.55 6.38 
F.2 0.27 0.10 0.09 0.06 0.09 0.09 0.07 0.08 
Mg 0.26 0.06 0.01 0.02 0.02 0.01 - 0.02 
Ca 2.28 2.35 2.65 1.62 2.20 2.45 2.62 2.53 
Na 1.42 1.47 1.30 2.22 1.74 1.50 1.36 1.44 
K 0.09 0.08 0.05 0.17 0.08 0.07 0.06 0.07 
totals 20.10 19.99 20.03 20.04 20.04 20.04 20.05 20.04 
oxygens= 1323 1323 (32] (323 1323 [32] 1323 (32] 
105 	H41 CORE 5 107 H42 CORE 1 109 H42 CORE 3 	111 H42 CORE S 
106 H41 RIM 5 108 H42 RIM 2 110 H42 CORE 4 112 1447 CORE I 
113 114 115 116 117 118 119 120 
SiO2 49.39 53.30 50.20 56.01 52.31 52.07 51.90 47.91 
Ti02 0.08 0.12 0.07 0.09 0.09 0.09 0.10 0.07 
*1203 32.36 28.37 31.03 27.94 29.40 29.74 29.62 32.31 
F.0 0.50 0.41 0.41 0.26 0.47 0.43 0.45 0.49 
tigO 0.08 0.08 0.06 0.05 0.13 0.09 0.09 0.09 
taO 15.96 11.78 14.51 10.74 12.43 12.79 12.70 15.70 
Na2O 2.31 4.68 3.00 5.07 4.27 4.07 4.10 2.26 
K20 0.17 0.43 0.23 0.48 0.34 0.32 0.32 0.16 
totals 100.85 99.17 99.51 100.64 99.44 99.60 99.28 98.99 
Si 8.98 9.76 9.21 10.04 9.57 9.51 9.51 8.88 
Ti 0.01 0.02 - 0.01 0.01 0.01 0.01 - 
Al 6.93 6.12 6.71 5.90 6.34 6.40 6.40 7.06 
F.2 0.08 0.06 0.06 0.04 0.07 0.07 0.07 0.08 
Mg 0.02 0.02 0.02 0.01 0.04 0.02 0.02 0.02 
Ca 3.11 2.31 . 	 2.85 2.06 2.44 2.50 2.49 3.12 
Na 0.81 1.66 1.07 1.76 1.51 1.44 1.46 0.81 
K 0.04 0.10 0.05 0.11 0.08 0.07 0.07 0.04 
total= 19.98 20.05 19.98 19.94 20.05 20.03 20.04 20.01 
OXyØOflS (32] (323 1323 1323 1323 (32] 1323 1323 
113 	H47 RIM 2 115 H47 RIM 3 117 1447 CORE 5 	119 H47 CORE 6 
114 H47 CORE 3 116 H47 CORE 4 118 H47 RIM 5 120 H47 CORE 7 
288 
121 122 123 124 125 126 127 128 
SiO2 56.34 56.19 53.97 56.67 55.16 56.18 52.95 53.30 
Ti02 0.04 0.08 0.08 0.10 0.07 0.10 0.09 0.09 
*1203 25.53 26.29 28.07 26.16 27.79 25.27 29.10 29.32 
F.0 0.32 0.41 0.37 1.11 0.41 1.55 0.44 0.43 
NgO 0.06 0.06 0.06 0.32 0.07 0.56 0.11 0.10 
CaD 8.72 9.18 11.49 9.29 10.85 8.81 11.58 11.70 
Na2O 5.84 6.05 4.70 5.62 5.03 5.56 4.79 4.68 
I0 0.72 0.68 0.39 0.65 0.50 0.66 0.31 0.30 
total= 97.57 98.94 99.13 99.92 99.88 98.69 99.37 99.92 
Si 10.38 10.24 9.86 10.25 9.98 10.30 9.67 9.67 
Ti - 0.01 0.01. 0.01 - 0.01 0.01 0.01 
Al 5.54 5.65 6.04 5.58 5.93 5.46 6.26 6.27 
F92 0.05 0.06 0.06 0.17 0.06 0.24 0.07 0.07 
Mg 0.02 0.02 0.02 0.09 0.02 0.15 0.03 .0.03 
Ca 1.72 1.79 2.25 1.80 2.10 1.73 2.27 2.27 
Na 2.09 2.14 1.66 1.97 1.76 1.98 1.70 1.65 
K 0.17 0.16 0.09 0.15 0.12 0.15 0.07 0.07 
total= 19.97 20.07 19.99 20.01 19.98 20.02 20.07 20.04 
oxygen* 1323 1321 (32] 	. (32] 1321 (32] 1323 (32] 
121 	1(65 CORE 1 123 1(65 CORE 2 125 1(65 CORE 3 	127 K73 CORE 1 
122 1(65 RIM 1 124 1(65 RIM 2 126 1(65 RIM 3 128 1(73 RIM 1 
129 130 131 132 133 134 135 136 
SiO2 56.26 55.49 54.26 55.94 56.73 56.37 53.61 54.24 
Ti02 0.08 0.08 0.09 0.07 0.06 0.08 0.13 0.15 
*1203 27.69 28.03 28.21 27.70 27.54 27.16 28.30 27.75 
F.0 0.43 0.45 0.39 0.36 0.34 0.34 0.52 0.57 
NgO 0.08 0.07 0.10 0.06 0.08 0.06 0.12 0.13 
CaO 9.63 9.99 10.25 9.54 9.23 8.82 11.32 10.97 
Na2O 5.76 5.59 5.33 5.88 5.87 6.22 5.02 5.09 
1(20 0.45 0.46 0.40 0.48 0.58 0.64 0.39 0.43 
total= 100.38 100.16 99.03 100.03 100.43 99.69 99.41 99.33 
Si 10.10 10.00 9.90 10.08 10.16 10.18 9.79 9.90 
Ti 0.01 0.01 0.01 - - 0.01 0.02 0.02 
Al 5.86 5.95 6.07 5.88 5.82 5.70 6.09 5.97 
F92 0.06 0.07 0.06 0.05 0.05 0.05 0.08 0.09 
Mg 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.04 
Ca 1.85 1.93 2.00 1.84 1.77 1.71 2.21 2.14 
Wa 2.00 1.95 1.89 2.05 2.04 2.18 . 	 1.78 1.80 
K 0.10 0.11 0.09 0.11 0.13 0.15 0.09 0.10 
total= 20.01 20.04 20.05 20.05 20.01 20.08 20.09 20.05 
oxyg.na= 1323 (32] 1323 1321 1323 (32] 023 (32] 
129 	1(73 CORE 2 131 1(73 RIM 3 133 K73 CORE 5 	135 1(75 CORE I 
130 	1(73 CORE 3 132 1(73 CORE 4 134 K73 CORE 6 136 1(75 CORE 2 
137 138 139 140 141 142 143 144 
S102 54.06 53.67 53.91 53.99 54.95 52.91 54.40 53.56 
T102 0.12 0.12 0.16 0.12 0.14 0.10 0.10 0.12 
*1203 28.30 28.23 28.44 28.27 27.68 29.63 27.99 29.04 
F.0 0.59 0.49 0.50 0.52 0.59 0.50 0.43 0.51 
MgO 0.11 0.12 0.11 0.12 0.10 0.13 0.08 0.10 
CaO 11.30 11.37 11.32 11.19 10.52 11.97 10.09 11.42 
Na2O 5.02 5.01 4.94 5.03 5.39 4.52 5.56 4.67 
1(20 0.41 0.39 0.39 0.39 0.48 0.27 0.40 0.35 
total 99.91 99.40 99.77 99.63 99.85 100.03 99.05 99.77 
Si 9.82 .9.80 9.80 9.82 9.96 9.60 9.93 9.73 
Ti 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 
Al 6.06 6.07 6.09 6.06 5.92 6.34 6.02 6.22 
F.2 0.09 0.07 0.08 0.08 0.09 0.08 0.07 0.08 
Mg 0.03 0.03 0.03 0.03 0.03 0.04 0.02 0.03 
Ca 2.20 2.22 2.20 2.18 2.04 2.33 1.97 2.22 
Na 1.77 1.77 1.74 1.77 1.89 1.59 1.97 1.64 
K 0.09 0.09 0.09 0.09 0.11 0.06 0.09 0.08 
total= 20.07 20.08 20.05 20.06 20.06 20.04 20.08 20.01 
oxygens= 1323 (323 (32] (323 (323 (32] (32) 1323 
137 	1(75 CORE 3 139 1(75 CORE 5 141 K75 CORE 7 	143 1(77 CORE 2 
138 1(75 CORE 4 140 1(75 CORE 6 142 1(77 RIM 1 144 1(77 RIM 2 
289 
	
145 	148 	147 	148 	149 	150 	151 	152 
S102 55.50 55.96 54.55 52.68 54.85 55.22 52.26 53.64 
T102 	0.10 	0.64 	0.09 	0.13 	0.07 	0.11 	0.14 	0.16 
A1203 28.22 28.07 28.28 29.34 2721 28.32 29.43 28.43 
P.O 0.44 0.43 0.39 0.43 0.75 0.46 0.53 0.57 
MgO 0.08 	0.07 	0.08 	0.10 	0.58 	0.09 	0.13 	0.13 
taO 10.26 10.46 10.06 11.58 9.53 10.24 12.18 11.12 
Na2O 5.36 5.31 5.46 4.66 5.57 5.34 4.22 4.70 
K20 0.42 	0.40 	0.46 	0.28 	0.40 	0.43 	0.35 	0.44 
total 100.38 	101.34 99.37 99.20 98.96 	100.21 99.24 99.19 
Si 9.98 9.97 	9.92 	9.63 	10.01 9.95 	9.57 	9.80 
Ti 	0.01 	0.09 0.01 0.02 - 	0.01 0.02 0.02 
Al 5.98 5.90 6.06 6.32 5.86 6.01 6.35 6.12 
P.2 	0.07 0.06 	0.06 	0.07 	0.11 0.07 	0.08 	0.09 
Mg 0.02 	0.02 0.02 0.03 0.16 	0.02 0.04 0.04 
Ca 	1.98 2.00 1.96 2.27 1.86 1.98 2.39 2.18 
Na 1.87 1.83 	1.92 	1.65 	1.97 1.87 	1.50 	1.66 
K 	0.10 	0.09 0.11 0.07 0.09 	0.10 0.08 0.10 
total= 20.00 19.96 	20.06 	20.05 	20.08 20.01 	20.03 	20.00 
oxyg.n.= 1321 	1323 1323 1321 1321 	1323 1323 1323 
145 K?? CORE 3 147 	K?? CORRE 4 	149 K77 CORE 6 	151 K78 CORE 1 
146 K77 RIM 3 	148 K?? CORE 	5 150 1(77 RIM 6 152 1(78 RIM 1 
153 154 	155 158 	157 	158 	159 	160 
SiO2 53.03 	52.61 52.40 	54.53 53.33 53.62 59.47 56.62 
Ti02 	0.12 0.13 	0.11 0.22 	0.11 	0.17 	0.05 	0.05 
A1203 28.53 28.96 29.15 27.81 28.60 28.21 24.86 26.61 
F.0 0.51 	0.58 0.48 	0.67 0.51 0.56 0.28 0.29 
M 	0.11 0.12 	0.11 0.12 	0.11 	0.14 	0.03 	0.04 
taO 11.29 11.82 12.09 10.31 11.30 10.93 7.04 8.82 
N20 4.81 	4.59 4.25 	5.19 473 4.90 7.09 6.20 
1(20 0.44 0.41 	0.35 0.53 	0.43 	0.46 	0.89 	0.60 
total= 98.84 	99.22 98.94 	99.38 99.12 98.99 99.71 99.23 
Si 	9.74 9.64 	9.62 9.93 	9.75 	9.82 	10.68 	10.27 
Ti 0.02 	0.02 0.02 	0.03 0.02 0.02 - - 
Al 	6.17 6.25 6.31 5.97 6.17 6.09 5.26 5.69 
F.2 0.08 0.09 	0.07 0.10 	0.08 	0.09 	0.04 	0.04 
Kg 0.03 	0.03 0.03 	0.03 0.03 0.04 - 0.01 
Ca 	2.22 2.32 2.38 2.01 2.21 2.14 1.35 1.71 
Na 1.71 1.63 	1.51 1.83 	1.68 	1.74 	2.47 	2.18 
K 	0.10 	0.10 0.08 	0.12 0.10 0.11 0.20 0.14 
total 20.07 20.08 	20.01 20.03 	20.04 	20.04 	20.02 	20.04 
oxyg.ns= [32) 	1321 1323 	1321 1321 1323 1321 1323 
153 1(78 CORE 2 155 1(78 CORE 	3 157 	1(78 CORE 	4 159 	L80 CORE I 
154 K78 RIM 2 	156 1(78 RIM 3 158 1(78 RIM 	4 160 180 CORE 2 
181 162 	163 	164 	165 166 	167 	168 
SiO2 63.19 	57.92 59.09 56.37 57.90 	64.92 57.48 58.16 
TiO2 	nd 0.04 	0.05 	0.06 	0.05 nd 	0.05 	0.06 
A1203 21.89 25.59 25.14 26.67 25.89 18.15 26.02 25.58 
F.0 	0.23 	0.34 0.31 0.32 0.25 	0.71 0.31 0.33 
MgO 0.02 0.01 	0.02 	0.04 	0.02 0.06 	0.03 	0.03 
CaD 3.56 7.94 7.46 9.10 8.08 0.04 8.23 7.90 
Na2O 8.30 	6.73 7.00 5.91 6.36 	1.69 6.36 6.49 
1(20 	1.85 0.53 	0.53 	0.58 	0.75 14.26 	0.74 	0.70 
BaO 0.14 nd nd nd nd 0.07 nd nd 
total= 99.18 	99.10 	99.60 	99.05 	99.30 	99.90 	99.22 	99.25 
Si 11.33 10.48 10.62 10.24 10.46 11.98 10.40 10.51 
Al 	4.63 	5.46 	5.32 	5.71 	5.51 	3.95 	5.55 	5.45 
P.2 0.03 0.05 0.05 0.05 0.04 0.11 0.05 0.05 
Kg - - - 0.01 - 0.02 - - 
Ca 	0.68 	1.54 	1.44 	1.77 	1.56 	- 	1.60 	1.53 
Na 2.89 2.36 2.44 2.08 2.23 0.60 2.23 2.27 
K 	0.42 0.12 0.12 0.13 0.17 3.36 0.17 0.16 
total 	20.01 	20.02 	19.99 	20.00 	19.98 	20.03 	20.02 	19.98 
oxygen&= 1321 1323 (32) (32] (32] (32] (32] 1321 
161 180 CORE 3 	163 180 RIM 4 	165 	L80 RIM 	S 161 	L80 CORE 7 
162 180 CORE 4 164 180 CORE 	5 166 	180 CORE 	6 168 180 CORE 8 
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189 	170 	171 	172 	173 	174 	115 	178 
Si02 58.28 	58.23 	50.31 	52.78 	54.41 	51.68 	52.32 	52.19 
Ti02 	0.04 0.07 0.12 0.13 0.13 0.12 0.12 0.12 
A1203 25.71 	26.22 	30.66 	28.82 	27.85 	29.42 	29.08 	28.97 
F.0 0.29 0.29 0.37 0.42 0.38 0.36 0.38 0.33 
MgO 0.02 	0.03 	0.06 	0.06 	0.08 	0.05 	0.07 	0.06 
C 	7.63 8.32 13.65 12.07 10.81 12.82 12.01 12.01 
Na2O 6.73 	6.28 	3.52 	4.65 	5.17 	4.17 	4.65 	4.55 
I0 0.59 0.83 0.28 0.41 0.64 0.40 0.45 0.48 
totalc 99.29 	100.27 	98.97 	99.34 	99.47 	99.02 	99.08 	98.61 
Si 10.51 	10.43 	9.27 	9.66 	9.91 	9.51 	9.60 	9.62 
Ti 	- - 0.02 0.02 0.02 0.02 0.02 0.02 
Al 5.47 	5.53 	6.66 	6.22 	5.98 	6.38 	6.29 	6.27 
F.2 0.04 0.04 0.06 0.06 0.06 0.06 0.06 0.05 
no 	- 	- 	0.02 	0.02 	0.02 	0.01 	0.02 	0:02 
Ca 1.47 1.60 2.70 2.37 2.11 2.53 2.36 2.37 
Na 	2.35 	2.18 	1.26 	1.65 	1.83 	1.49 	1.66 	1.63 
K 0.14 0.19 0.07 0.10 0.15 0.09 0.11 0.11 
total 	20.00 	19.98 	20.04 	20.09 	20.07 	20.08 	20.11 	20.09 
oxyena (323 (323 (323 . 1323 (323 1323 (323 (323 
169 L80 RIM 8 	171 	L85 CORE 1 	173 L85 CORE 2 	175 L85 RIM 3 
170 L80 CORE 	9 172 	185 RIM 	1 174 L85 CORE 3A 176 185 	CORE 38 
177 179 179 180 	181 	182 	183 184 
SiO2 54.26 	53.30 	53.77 	53.33 	50.59 	52.77 	54.34 	53.41 
T102 	0.11 0.08 0.08 0.11 0.11 0.10 0.11 0.11 
A1203 28.13 	28.70 	28.16 	28.31 	30.01 	28.68 	27.50 	28.19 
F.0 0.36 0.38 0.42 0.39 0.52 0.35 0.45 0.33 
MgO 0.07 	0.06 	0.06 	0.07 	0.10 	0.05 	0.06 	0.06 
taO 10.82 11.14 10.62 11.17 13.16 11.79 10.15 11.02 
Na20 5.00 	4.87 	5.09 	4.85 	3.72 	4.59 	5.37 	4.94 
K20 0.58 .0.50 0.61 0.64 0.35 0.52 0.60 0.61 
total 99.33 	99.03 	98.81 	98.87 	98.56 	98.85 	98.58 	98.67 
Si 	9.89 	9.76 	9.86 	9.79 	9.36 	9.70 	9.97 	9.81 
Ti 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 
Al 	6.04 	6.19 	6.08 	6.12 	6.55 	6.21 	5.95 	6.10 
F.2 0.05 0.06 0.06 0.06 0.08 0.05 0.07 0.05 
no 0.02 	0.02 	0.02 	0.02 	0.03 	0.01 	0.02 	0.02 
Ca 	2.11 2.18 2.09 2.20 2.61 2.32 2.00 2.17 
Na 1.77 	1.73 	1.81 	1.73 	1.33 	1.64 	1.91 	1.76 
K 	0.13 0.12 0.14 0.15 0.08 0.12 0.14 0.14 
total 	20.03 	20.06 	20.07 	20.07 	20.06 	20.06 	20.07 	20.07 
oxygen*= 1323 1321 1323 1323 (32] (32] 1323 023 
177 185 CORE 	4 179 	185 RIM 	48 	181 L85 RIM 5 	183 185 	RIM 6 
178 185 RIM 4A 180 185 CORE 5 182 185 CORE 6A 184 185 CORE GB 
185 	186 	187 	188 	189 	190 	191 	192 
SiO2 51.85 	54.22 	52.66 	53.78 	51.85 	52.09 	53.53 	53.58 
T102 	0.11 0.09 0.08 0.09 0.10 0.08 0.10 0.10 
A1203 29.14 	28.00 	29.18 	28.33 	29.79 	29.45 	28.25 	28.59 
F90 0.35 0.37 0.40 0.38 0.40 0.42 0.43 0.41 
NO 0.06 	0.07 	0.08 	.0.08 	0.07 	0.07 	0.09 	0.07 
taO 12.09 10.80 12.39 11.09 12.95 12.49 11.34 11.54 
Na2O 4.38 	5.14 	4.21 	4.78 	3.87 	4.01 	4.60 	4.59 
K20 0.47 0.61 0.44 0.58 0.39 0.40 0.56 0.53 
total= 98.45 	99.30 	99.44 	89.11 	99.42 	99.01 	98.90 	99.41 
Si 	9.58 	9.89 	9.62 	9.83 	9.49 	9.56 	9.81 	9.77 
Ti 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Al 	6.34 	6.02 	6.28 	6.10 	6.43 	6.37 	6.10 	6.15 
F.2 0.05 0.06 0.06 0.06 0.06 0.06 0.07 0.06 
no 0.02 	0.02 	0.02 	0.02 	0.02 	0.02 	0.02 	0.02 
Ca 	2.39 2.11 2.43 2.17 2.54, 2.46 2.23 2.26 
Na 1.57 	1.82 	1.49 	1.69 	1.37 	1.43 	1.63 	1.62 
K 	0.11 0.14 0.10 0.14 0.09 0.09 0.13 0.12 
total= 20.08 	20.07 	20.02 	20.02 	20.01 	20.00 	20.01 	20.01 
oxygen* 	(32] 1323 1323 (321 1323 [321 1323 1323 
185 L85 CORE 	7 187 	188 CORE 1 	189 	L88 CORE 2 	191 L88 CORE 3 
166 L85 CORE 	8 196 	188 RIM 	1 190 L88 RIM 	2 192 L88 CORE 4 
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193 	194 	195 	196 	197 	198 	199 	200 
SiO2 52.30 	51.09 	54.70 	55.25 	55.94 	53.86 	55.60 	52.54 
Ti02 0.07 0.10 0.05 0.05 0.05 0.13 0.05 0.08 
A1203 29.27 	29.99 	27.94 	27.57 	2704 	28.30 	27.09 	30.63 
F.O 0.35 0.72 0.18 0.27 0.37 0.67 0.35 0.19 
NgO 0.07 	0.07 	0.05 	0.05 	0.04 	0.10 	0.05 	0.14 
CaO 11.83 13.01 9.43 9.34 9.29 10.79 9.28 13.46 
Na2O 4.61 	3.96 	5.76 	5.83 	5.59 	4.75 	5.56 	3.58 
1(20 0.32 0.25 0.68 0.56 0.54 0.39 0.56 0.25 
total 98.82 	99.21 	98.59 	98.92 	98.86 	98.99 	98.54 100.87 
Si 	9.61 	9.40 	10.00 	10.07 	10.18 	9.84----10.15 	9.46 
Ti - 0.01 - - - 0.02 	- 0.01 
Al 	6.34 	6.50 	6.02 	5.92 	5.80 	6.10 5.83 	6.50 
F.2 0.05 0.11 0.03 0.04 0.06 0.10 	0.05 0.03 
Mg 	0.02 	0.02 	0.01 	0.01 	0.01 	0.03 0:01 	0.04 
Ca 2.33 2.56 1.85 1.82 1.81 2.11 	1.82 2.60 
Na 	1.64 	1.42 	2.04 	2.06 	1.97 	1.68 1.97 	1.25 
K 0.07 0.06 0.11 0.13 0.13 0.09 	0.13 0.06 
total= 20.07 	20.08 	20.06 	20.06 	19.96 	19.98 	19.97 	19.94 
oxy9n= 	1323 1323 (32) 1323 [323 1321 1323 1321 
193 CP136 CORE 1 	196 CP136 RIM 2 	199 KT1SO CORE 2 
194 CP136 RIM 1 197 KT160 CORE 1 200 1(1163 RIM 1 
185 CP136 CORE 2 	198 1(1160 RIM I 
201 202 	203 	204 	205 	206 	207 	208 
SiO2 52.38 	51.98 	53.52 	53.65 	52.45 	50.69 	50.83 	50.14 
Ti02 	0.07 0.10 0.07 0.11 0.08 0.08 0.08 0.08 
A1203 29.77 	29.91 	29.68 	29.96 	29.64 	29.55 	29.87 	30.42 
F.0 	0.08 0.08 0.09 0.09 0.08 0.10 0.11 0.17 
MgO 0.09 	0.08 	0.08 	0.10 	0.11 	0.14 	0.09 	0.07 
CaD 12.75 12.57 12.45 12.56 12.21 12.36 12.75 13.36 
Na2O 4.00 	4.05 	4.08 	4.06 	4.05 	4.20 	3.84 	3.51 
1(20 	0.31 0.29 0.28 0.29 0.31 0.29 0.29 0.19 
total= 99.45 	99.06 100.25 	100.82 	98.93 	97.41 	97.86 	97.94 
Si 9.55 	9.52 	9.66 	9.63 	9.60 	9.46 	9.44 	9.31 
Ti 	- 0.01 - 0.01 0.01 0.01 0.01 0.01 
Al 6.40 	6.46 	6.31 	6.36 	6.39 	6.50 	6.54 	6.66 
Fe2 	0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.03 
Mg 0.02 	0.02 	0.02 	0.03 	0.03 	0.04 	0.02 	0.02 
Ca 2.49 2.47 2.41 2.42 2.39 2.47 2.54 2.66 
• 	Na 	1.41 	1.44 	1.43 	1.41 	1.44 	1.52 	1.38 	1.26 
K 0.07 0.07 0.06 0.07 0.07 0.07 0.07 0.05 
total 	19.98 	19.99 	19.92 	19.92 	19.95 	20.08 	20.01 	20.00 
oxyg.ns [32) 1323 (321 (321 1321 1323 1321 1321 
201 KT163 CORE 2A 	204 1(1163 CORE 20 	207 KT163 CORE 3 
202 1(1163 CORE 28 205 KT163 CORE 2E 208 1(1163 RIM 3 
203 1(1163 CORE 2C 	206 1(1163 CORE 2F 
209 	210 	211 	212 	213 	214 	215 	216 
SiO2 52.25 	51.62 	51.07 	52.27 	54.17 	52.23 	53.17 	53.02 
TiO2 	0.10 0.09 0.10 0.11 0.09 0.13 0.15 0.10 
A1203 28.91 	29.01 	29.49 	29.27 	28.21 	28.92 	28.82 	28.48 
FeD 	0.09 0.11 0.10 0.12 0.43 0.42 0.76 0.42 
MgO 0.06 	0.10 	0.08 	0.06 	0.07 	0.07 	0.11 	0.07 
CaD 11.78 11.91 12.10 12.10 11.36 12.28 12.17 11.76 
Na2O 	4.32 	4.33 	4.19 	4.18 	5.01 	4.56 	4.55 	4.79 
1(20 0.35 0.37 0.30 0.35 0.47 0.40 0.46 0.34 
total 97.88 	97.54 	97.43 	98.46 	99.81 	99.01 	100.19 	98.98 
Si 	9.67 	9.60 	9.51 	9.62 	9.84 	9.60 	9.66 	9.73 
Ti 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.01 
Al 	6.30 	6.36 	6.67 	6.35 	6.04 	6.27 	6.17 	6.16 
F.2 0.01 0.02 0.02 0.02 0.07 0.06 0.12 0.06 
no 0.02 	0.03 	0.02 	0.02 	0.02 	0.02 	0.03 	0.02 
Ca 	2.33 2.37 2.41 2.39 2.21 2.42 2.37 2.31 
Na 1.55 	1.56 	1.51 	1.49 	1.76 	1.63 	1.60 	1.70 
K 	0.08 0.09 0.07 0.08 0.11 0.09 0.11 0.08 
total= 19.99 	20.03 	20.03 	19.98 	20.06 	20.11 	20.08 	20.07 
oxygens 	 (3 £323 (32] 2) (321 (32] (32] 1323 1323 
209 1(1163 CORE 6A 	212 1(1163 RIM 5 	215 1(231 RIM 2 
210 1(1163 CORE 48 213 1(231 CORE 1 216 1(231 CORE 3 
211 1(1163 CORE 5 	214 1(231 CORE 2 
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217 218 219 220 221 222 223 224 
S102 52.35 54.89 53.57 54.34 57.13 54.70 55.14 56.05 
Ti02 0.14 0.08 0.13 0.12 0.13 0.09 0.10 0.12 
A1203 29.05 27.25 28.33 27.93 25.81 26.81 27.36 27.65 
F.0 0.53 0.42 0.58 0.35 0.46 0.32 0.32 0.33 
N 40- 0.05 0.07 0.07 0.07 0.05 0.06 0.06 0.06 
CaD 12.27 10.46 11.60 11.23 8.50 10.08 10.39 10.60 
Na2O 4.52 5.50 4.79 4.93 6.26 5.53 5.33 5.23 
X20 0.43 0.59 0.51 0.37 0.68 0.43 0.42 0.43 
total= 99.34 99.26 99.58 99.34 99.02 98.02 99.12 100.47 
Si 9.60 10.01 9.77 9.90 10.30 10.08 10.04 10.06 
Ti 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.02 
Al 6.28 5.86 6.09 6.00 5.53 5.82 5.87 5.85 
F.2 0.08 0.06 0.09 0.05 0.07 0.05 0.05 0.05 
Mg 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.02 
Ca 2.41 2.04 2.27 2.19 1.65 1.99 2.03 2.04 
Na 1.61 1.95 1.69 1.74 2.20 1.97 1.88 1.82 
K 0.10 0.14 0.12 0.09 0.16 0.10 0.10 0.10 
total= 20.10 20.09 20.07 20.00 20.02 20.04 20.00 19.95 
oxygens= (32) 1323 (323 (32] (32) (32) 1323 1323 
217 	1(231 RIM 3 220 CP236 CORE 1 223 	CP236 CORE 28 
218 1(231 CORE 4 221 CR236 RIM 1 224 CR236 CORE 2C 
219 	1(231 RIM 4 222 CR236 CORE 2A 
225 226 227 228 229 230 231 232. 
S102 55.06 54.83 55.22 54.96 54.78 55.06 55.56 47.72 
Ti02 0.10 0.11 0.10 0.09 0.11 0.11 0.11 0.07 
A1203 27.67 27.62 27.59 27.41 27.26 27.44 27.75 31.51 
FeO 0.33 0.32 0.38 0.33 0.34 0.33 0.42 0.19 
NgO 0.06 0.06 0.06 0.07 0.06 0.06 0.05 0.10 
CaO 10.46 10.51 10.57 10.50 10.40 10.42 10.58 15.03 
Na2O 5.30 5.37 5.35 5.36 5.40 5.33 5.34 2.56 
1(20 0.45 0.41 0.40 0.40 0.45 0.41 0.42 0.15 
total= 99.43 99.23 99.67 99.12 98.80 99.16 100.23 97.33 
Si 10.00 9.98 10.01 10.02 10.02 10.02 10.01 8.97 
Ti 0.01 0.02 0.01 0.01 0.02 0.02 0.01 - 
Al 5.92 5.93 5.89 5.89 5.88 5.89 5.89 6.98 
Fe2 0.05 0.05 0.06 0.05 0.05 0.05 0.06 0.03 
Mg 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.03 
Ca 2.04 2.05 2.05 2.05 2.04 2.03 2.04 3.03 
Na 1.87 1.90 1.88 1.89 1.91 1.88 1.87 0.93 
K 0.10 0.10 0.09 0.09 0.10 0.10 0.10 0.04 
total= 20.01 20.03 20.02 20.02 20.04 20.00 20.01 20.01 
oxygns 023 (32) (32) (32] (321 1323 (32) (321 
225 	CP236 CORE 20 	228 CR236 CORE 26 231 	CR236 RIM 3 
226 CR236 CORE 2E 229 CR236 RIM 2 232 8333 CORE I 
227 	CR236 CORE 2F 230 CR236 CORE 3 
233 234 235 236 237 238 
SiO2 53.12 56.63 46.89 48.78 45.86 53.06 
T102 0.12 0.13 0.07 0.08 0.07 0.13 
A1203 27.90 25.51 31.66 31.25 32.82 27.81 
F.0 0.18 0.09 0.24 0.21 0.20 0.19 
fl90 0.11 0.06 0.13 0.09 0.08 0.10 
CaO 10.86 7.75 15.71 14.77 16.86 11.08 
Na2O 4.91 6.31 2.24 2.81 1.70 4.73 
1(20 0.46 0.86 0.13 0.19 0.09 0.42 
total= 97.66 97.34 97.07 98.18 97.68 97.52 
Si 9.84 10.43 8.86 9.08 8.64 9.84 
Ti 0.02 0.02 - 0.01 - 0.02 
Al 6.09 5.54 7.05 6.86 7.29 6.08 
F92 0.03 0.01 0.04 0.03 0.03 0.03 
Mg 0.03 0.02 0.04 0.02 0.02 0.03 
Ca 2.16 1.53 3.18 2.95 3.40 2.20 
Na 1.76 2.25 0.82 1.01 0.62 1.70 
K 0.11 0.20 0.03 0.05 0.02 0.10 
total= 20.03 20.01 20.03 20.01 20.03 20.00 
oxygen&= (32) (32) (32] (32] (32] 1323 
233 	8333 RIM 1 235 	8333 CORE 3 	237 8333 CORE 4 
234 8333 RIM 2 236 8333 RIM 3 236 8333 RIM 4 
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APPENDIX III 
TABLES OF WHOLE-ROCK DATA 
Al £3 AS As £7 8$ Al £10 
5102 46.01 45.0? 46.47 45.58 45.44 45.95 45.79 64.37 
7i02 2.10 1.85 2.45 2.23 2.07 1.07 2.05 2.01 
£1203 14.10 12.45 16.51 14.01 13.03 12.55 12.59 12.55 
P.203 12.01 12.07 5.25 12.73 12.74 12.67 9.93 13.53 
fta 0.20 0.25 0.13 0.20 0.18 0.19 0.20 0.17 
8.95 10.86 9.19 9.70 10.95 12.34 12.72 11.30 
UO 9.40 10.07 6.04 9.01 9.93 10.15 9.59 9.0? 
8.20 2.05 2.14 3.03 2.09 1.95 1.70 2.03 2.64 
IQO 1.12 0.40 1.96 1.21 1.07 1.01 0.87 0.41 
P205 0.36 0.30 0.42 0.36 0.33 0.32 0.31 0.31 
101 3.17 ad 6.53 ad ad ad 3.20 3.11 
total- 99.52 97.07 98.77 97.93 97.70 98.92 99.36 99.46 
NI 221 378 .197 208 240 303 361 348 
Cr 451 731 554 411 593 734 954 796 
V 205 289 283 294 293 215 292 293 
Sc 27 29 42 28 29 29 31 29 
Cu 37 98 104 58 53 51 102 48 
Zn 88 84 379 94 - 	 87 84 431 86 
Sr 481 444 431 583 492 450 400 391 
8. 28 1 30 30 25 26 19 4 
Zr 202 170 243 201 186 175 177 172 
8. 35 31 42 39 - 35 33. 33 32 
8. 345 359 386 433 420 386 332 357 
Pb 3 14 17 5 2 3 8 16 
La 28 22 28 32 28 27 25 20 
co 64 50 66 68 98 5.9 55 SB 
Ud 25 21 32 20 25 22 23 24 
V 27 25 36 26 25 23 24 24 
N. - - - - . - - - 0.81 
En 6.05 5.49 2.65 1.50 1.86 2.70 4.35 - 
F. 4.06 3.02 0.39 0.07 0.97 1.26 1.44 
Can 4.50 6.32 1.00 .5.27 6.06 6.67 6.59 5.55 
Cf. 2.67 3.49 0.26 3.05 3.16 3.11 2.18 3.03 
two 7.55 10.39 2.31 8.78 9.79 10.66 9.53 9.09 
F. 7.66 10.69 12.93 12.19 13.56 14.96 14.54 15.83 
F. 5.01 6.48 2.06 7.70 7.79 7.69 5.30 9.53 
or 6.61 2.36 11.56 7.13 6.34 5.95 5.11 2.45 
An 26.19 23.17 25.66 25.27 23.63 23.25 92.69 21.19 
Lb 17.31 10.12 25.64 17.72 16.53 15.10 17.15 20.83 
Mt 2.06 2.21 0.90 2.19 :2.19 2.18 1.71 2.32 
11 3.99 3.52 4.66 4.23 3.94 3.73 3.90 3;81 
Ap 0.83 0.68 0.97 0.04 0.77 0.73 0.73 0.72 
0.1. 23.92 20.49 37.20 24.05 22.87 21.05 22.26 24.08 
A 60.20 5.6.11 50.02 58.70 59.03 60.62 56.95 50.43 
All £12 . £13 861 862 885 864 so 
S*02 46.08 42.28 47.14 45.77 4670 47.71 49.00 64.90 
7102 1.99 1.61 2.13 1;68 1.67 2.34 2.50 0.29 
£1203 12.49 14.59 14.59 12.74 12.74 14.04 16.65 15.49 
P.203 10.64 11.61 11.82 11.07 11.28 11.49 11.90 3.92 
fte 0.25 0.20 0.19 0.13 0.13 0.14 0.15 0.09 
11.89 5.10 9.14 5.74 5.84 4.75 4.07 0.58 
Ca0 9.95 11.87 9.54 12.38 11.37 9.27 0.11 1.32 
1620 2.20 2.68 2.10 1.67 1.79 2.71 3.65 1.26 
I0 0.51 0.96 1.13 0.10 0.18 1.10 1.17 6.72 
P205 0.30 0.20 0.37 0.17 0.16 0.49 0.68 0.03 
1.01 2.13 8.01. ad 8.24 7.49 5.30 ad 3.98 
tetalo 99.23 99.92 98.12 99.70 99.35 99.41 97.96 98.58 
Ml 399 182 220 302 316 144 67 10 
Cr 839 415 456 397 400 171 62 4 
V 280 198 293 180 180 194 130 - 
Sc 29 30 . 	 27 25 25 24 18 1 
Cu 119 10 38 67 57 44 31 - 
Zn 90 -105 . 	 90 79 81 138 119 33 
Sr 420 314 493 264 255 351 675 . 34 
8. 2 2 25 3 2 18 21 157 
Zr 169 140 206 116 115 278 329 863 
Nb 30 12 35 11 10 29 32 117 
0. 329 160 350 98 104 288 444 72 
Pb 5 20 3 5 0 -6 5 24 
Th - - - - - - - 14 
La 20 14 27 B 11 23 . 	 26 207 
C. 53 30 . 	 65 21 20 65 89 372 
Ed 22 19 26 13 13 32 39 150 
V 23 26 27 23 . 	 23 35 34 05 
0 - - - 2.30 3.42 0.99 - 2597 
N. - 6.16  
En 720 - 7.99 7.03 . 8.24 7.77 5.52 1.44 
F. 2.88 - 4.53 6.14 7.26 7.09 6.71 5.02 
Con 6.86 6.52 4.51 7.20 6.31 4.06 1.91 - 
Cf. 2.70 6.92 2.55 6.37 5.55 4.12 2.32 - 
Cue 10.31 13.84 7.46 14.03 12.19 8.32 4.24 - 
F. 10.84 4.34 7.19 - .. 	 . - 1.90 - 
F. 4.70 5.07 4.49 - - - 2.55 - 
Or 2.99 5.85 5.65 1.06 1.07 6.52 6.90 39.72 
An 22.71 24.93 27.03 	. 26.74 26.16 22.85 25.59 :6.38 
Lb 10.62 11.34 17.74 14.13 15.18 22.96 30.90 10.84 	- 
Nt 1.83 1.99 2.03 1.90 1.94 1.98 .2.05 0.67 
11 3.70 3.06 4.05 3.19 3.16 4.44 4.75 0.55 
C - - - . 	 - - . 	 - - 3.82 
Ap 0.69 0.46 0.86 0.39 0.30 1.13 1.50 0.07 - 
0.1. 21.61 23.15 24.40 17.50 19.67 30.46 37.80 76.32 
A,4 54.98 69.74 60.37 65.43 63.20 49.90 45.30 37.43 
Major element data in weight %, trace elements in ppm. 
294 
BCS 6" 866 Will scil 9612 9C13 6614 
5t02 60.36 74.03 61.32 46.18 47.91 46.68 45.93 45.39. 
T102 0.45 0.11 0.42 3.57 2.95 2.23 3.47 4.04 
£1203 15.79 11.88 15.37 15.45 15.01 15.01 15.35 16.37 
F.203 6.91 3.18 6.95 .14.17 13.56 12.60 14.21 13.46 
we 0.13 0.02 0.05 0.17 0.15 0.18 0.17 0.18 
VIGO 0.48 nd 1.53 4.64 5.26 8.61 6.82 5.42 
CaD 1.54 0.03 0.83 7.66 7.32 7.85 8.29 1.65 
1k20 5.05 4.48 5.02 3.20 3.12 3.21 3.07 1.12 
820 5.79 4.02 5.32 1.57 1.33 1.71 1.10 6.28 
P295 0.13 nd 0.11 0.61 0.54 0.46 0.41 0.44 
10! 1.99 0.93 . 	 2.03 2.19 3.28 0.90 0.74 4.58 
total. 98.61 98.69 98.95 99.40 100.44 99.42 99.56 98.95 
Nt 5 5 3 44 158 197 128 38 
Cr 4 5 4 22 109 317 107 13 
V - - - 218 178 196 227 315 
Sc 7 - 5 18 21 23 18 25 
Cu - - 3 29 12 30 52 29 
Zn 92 318 306 134 145 78 lie 419 
Sr 90 10 Be 632 573 617 650 298 
lb 106 396 111 26 26 47 19 53 
Zr 1267 2476 1323 322 323 222 223 251 N. 95 516 104 46 35 46 29 38 
Ba 454 150 353 415 384 546 294 565 
Pb 35 49 26 4 38 3 3 5 
Th 3 55 4 - - - - - 
La 120 19 101 35 29 32 21 23 
Co 245 96 252 06 77 77 58 60 Nd II? 31 98 43 39 32 29 27 
V 69 238 60 37 35 30 28 29 
8 1.90 30.64 3.95 - - - - - 
N. - - - - - 2.39 - - 
En 1.00 - 3.82 2.55 8.34 - 0.94 11.49 
F. 7.50 4.17 8.84 3.02 8.80 - 0.76 10.16 
Can 0.19 - - 2.06 1.96 3.50 3.03 - 
Cl. 1.39 - - 2.44 2.07 2.25 2.48 - 
6.. 1.44 - - 4.54 6.09 6.03 5.69 - 
F. - - - 4.86 1.91 12.57 9.13 1.41 
F. - - - 6.35 2.29 8.90 8.22 1.38 
Or 34.21 23.76 31.47 9.20 7.86 10.10 6.52 37.13 
An 3.31 0.17 3.40 23.14 23.03 21.50 24.84 5.31 
Lb 42.74 37.87 42.49 27.10 26.37 22.72 25.99 9.51 
lIt 1.19 0.55 1.19 2.44 2.33 2.16 2.44 2.31 
11 0.85 0.22 0.79 6.78 5.61 4.23 6.58 7.68 
C - 0.10 0.10 - - - - 5.78 
Ap 0.31 - 0.25 1.41 1.25 1.07 0.95 1.02 
0.1. 79.05 92.26 77.91 36.39 34.24 35.21 32.51 46.64 
LaD 7.19 0.44 7.40 46.06 46.61 48.62 48.86 35.84 
6C15 ¶1514 11515 11516 NSIV I1S18 11519 I0 
5402 42.82 46.12 44.98 45.72 45.55 44.73 65.80 46.15 
T*02 3.82 2.60 3.39 3.59 2.45 2.41 2.40 3.25 
£1203 15.35 17.35 16.35 16.54 16.93 16.60 16.33 17.37 
F.203 17.19 11.78 14.28 14.71 13.11 13.36 12.99 16.11 
Ib 0.13 0.23 0.21 0.94 0.42 0.44 0.43 0.16 
NqO 6.79 5.56 5.28 4.87 5.82 6.93 6.75 3.66 
6.0 1.87 8.25 8.12 3.18 8.36 8.48 7.94 5.88 
Ib_20 1.60 3.18 3.11 5.43 3.30 3.40 3.69 4.31 
820 4.53 1.68 1.06 0.38 0.79 0.27 0.32 0.97 
P205 0.44 0.51 0.47 0.62 0.37 0.36 0.37 0.79 
101 4.97 2.64 rid 2.77 rid rid 3.07 3.38 
total= 99.52 100.10 97.25 98.76 97.11 96.99 100.09 100.03 
Nt 38 36 43 11 68 75 73 7 
Cr 13 57 8 4 24 53 53 5 
V 257 285 105 139 256 251 263 106 
Sc 24 23 15 15 24 22 23 18 
Cu 15 35 24 19 49 31 32 18 
Zn 163 95 125 486 112 212 139 283 
Sr 385 916 713 493 456 533 440 540 Ba 46 37 17 10 14 4 6 14 
Zr 240 215 237 299 191 186 193 339 N. 36 40 34 42 25 25 26 48 
as 414 575 349 .297 262 206 200 481 
Pb 4 4 5 3 - 6 4 7 
Th - 4 4 5 1 4 2 4 
La 23 30 24 32 20 21 21 35 
co 56 73 58 71 47 44 45 89 
Nd 25 32 31 37 25 21 24 46 
V 26 29 - 28 32 26 25 25 37  
N. - 1.01 - - 0.09 0.84 0.14 - 
En 8.24 - 1.13 0.59 - - - 1.63 
F. 8.43 - 1.22 0.77 - - - 2.52 
Con - 2.08 1.93 - 2.04 2.29 2.16 - 
Cf. - 1.77 2.08 - 2.05 1.99 1.86 - 
Ca. - 3.96 4.06 - 4.16 4.60 4.14 - 
F. 6.07 8.25 7.07 8.09 8.73 10.48 10.27 5.25 
F. 6.85 7.75 8.41 11.61 9.66 10.03 9.75 8.95 
Or 26.74 9.93 6.26 2.26 4.61 1.62 1.89 5.73 
An 6.43 28.10 27.52 11.78 29.06 29.23 27.05 24.01 
Lb 13.58 25.05 26.32 45.96 27.73 27.22 30.97 38.47 
Nt 2.95 2.02 2.45 2.53 2.25 2.30 2.23 2.43 
11 7.26 5.32 6.44 6.82 4.65 4.59 4.56 6.17 
C 5.45 - - 2.87 - - - 0.43 
Ap 1.01 1.18 1.08 1.43 0.87 0.82 0.86 1.83 
0.1. 40.33 35.98 32.58 48.21 32.49 29.69 33.00 42.20 
LaD 32.14 52.88 51.12 20.40 51.18 51.78 46.62 39.70 
Mom 
W21 NS47 I4 H556 I 1676 um )1 
$02 45.89 55.31 63.94 66.51 54.19 44.70 52.15 44.94 
T402 3.27 0.37 0.41 0.20 2.33 2.35 1.75 2.45 
*1203 15.07 18.65 16.46 16.27 13.83 12.38 17.08 14.45 
F.203 15.21 5.50 5.68 4.11 11.65 14.87 9.02 11.46 
0.31 0.13 0.13 0.08 0.22 0.17 0.31 0.20 
4.34 0.61 0.20 0.09 2.76 12.59 3.94 7.40 
C.0 7.07 2.84 0.55 0.28 6.30 9.25 5.40 10.31 
Si20 3.67 2.45 4.74 4.85 3.69 2.31 3.94 2.69 
0 1.53 8.69 6.09 6.31 2.18 0.86 3.26 1.11 
P205 0.91 0.08 0.09 0.02 0.68 0.41 0.40 0.55 
L0I nd 4.89 rid nd nd nd nd 3.67 
t.t.1. 97.17 99.52 98.29 98.71 97.83 98.09 97.25 99.21 
Ni 3 18 4 5 3 352 66 204 
Cr 3 4 3 3 4 373 73 244 
V 96 - - - 92 230 114 223 
Sc 19 - 3 - 21 21 7 21 
Cu 17 4 21 - 4 66 14 44 
Zn 104 93 44 20 121 119 264 93 
Sr LII 79 92 22 456 309 639 671 
Si 27 169 104 156 43 17 61 20 
Zr 276 750 1068 942 . 295 208 521 286. 
V . 	 Si 44 106 . 	78 160 37 32 	. 66 
V 
49 
- 	 8. 427 392 	. 587 146 860 444 796 1224 	 V 




V 	 Th 3 -18 8 22 2 I 7 1. 
In 36 77. 75 170. 38 .  26 56 34 	 . 	V 
V V 	 C. 79 142 178 309 es 57 V V 09 75 VVV V V VV V 
. 	49 
47V 
76 138 41 26 40 35
V 	
. 	 V 
y 37 30 53 93 40 . 	21 24 28 	
V 
V 	
V - . 	8.51 11.06 5.64  
V 	 5, 
V_ 	
V 0.18 - - 	V - - 
En 0.06 - 0.51 0.21 5.03 0.36 3.12 - 
V F. 0.08 - 7.28 5.39 9.06 . 0.19 V 	 317  
Can 1.65 V V 	 - 1.84 4.47 0.99 V 	 V 5.69 V 
V 	 V 	 Ci. 2.41 - - 
- 
3.32 2.37 1.00 3.67 	 V 	 V V 	
V 	 tO 4.03 - - . 595 7.25 203 9.81 
F. V 6.38 1.06 - V 	 - - 18.60 3.99 8.92 
V 	 F. 10.32 5.49 - - - 	V 10.88 4.46 6.35 
Or 9.03 51.33 36.01 37.28 12.88 5.05 19.25 6.56 
V 	 V 29.15 13.59 2.17 1.24 14.72 20.86 19.30 24.08 	 V 
V 	 V 	An 31.03 20.44 40.09 41.01 31.27 19.58 33.34 20.19 
Nt 2.61 0.94 0.98 0.71 2.00 2.56 1.55 1.97 
11 6.20 0.70 0.78 0.38 4.42 4.46 332 4.65 
C - 0.23 1.27 1.02 - - V 	 - - V 
Ap 1.87 0.18 0.20 0.05 1.58 0.96 0.93 1.27 
0.1. 40.06 71.95 04.60 09.35 49.78 24.63 52.59 28.13 
And 39.37 39.94 5.14 2.94 32.01 51.58 36.66 54.40 
V 	 V ¶1594 ¶15105 ¶15107 ¶151158 NS116 145117 NS125 ¶6127 
V 	
SiO2 43.23 . 45.91 47.96 46.98 49.77 48.13 46.18 44.23 
Tt02 2.46 3.36 2.27 3.17 2.48 2.06 2.47 2.23 	 V 
V 	 41203 13.02 16.58 16.04 16.49 17.01 17.79 17.12 14.31 
V F.203 12.69 14.30 14.45 12.35 10.76 10.19 12.32 12.71 
._ 0.19 0.19 0.20 0.33 0.22 0.23 0.42 0.19 
l 10.59 4.40 3.45 5.02 2.44 3.52 5.02 9.34 
- 	V 	 tiC 10.44 . 	7.66 6.92 7.12 8.39 9.04 9.91 10.60 
5,20 3.23 3.41 4.11 3.24 3.91 3.85 2.96 2.48 
I0 0.95 1.21 1.77 1.74 1.91 1.64 0.95 0.99 
V 	 P295 0.87 0.49 1.03 0.59 0.65 0.57 0.34 0.37 
V 	 LOl nd nd 185 nd nd nd 2.35 - 
V 	V 	 tataIc 97.67 97.41 100.04 97.04 97.54 97.04 100.04 97.47 
Mi 235 27 13 4 13 26 49 157 
Cr 329 7 9 6 37 30 41 271 
V 229 172 68 188 127 176 294 269 
Sc 22 13 14 18 16 19 28 32 	 V 
V 	Cu 49 22 19 15 16 V22 43 55 V 	 V V V 	
Zn 102 96 130 115 93 103 111 88 
Sr 1265 730 . 	522 602 718 668 539 567 
Ab V 	•. 23 21 39 39 44 39 VI? 23 	V 
V 	
V 	 V 	 Zr 286 237 351 287 291 248 176 178 
Si Be 34 48 54 52 42 26 37  
.80 960 
V V 	
V 361 	. 491 	VV 509 590 503 323 409 V•• 
V Pb I 2 2 56 4 4 .4 - 	V 
V 	 VV 	 VV 	 Tb 9 1 5 
4 
3. 4 3.  V 
La V 64 27 	




129 58 A01 : 90 96 82 .. 48 53 	. 	 V 
V 	 V 	 Nd V V 52 29 50 41 -46 37 23 23 V 	V V 	
V 	
V V 
7 30 21 47 33 34 V 	29 24 
V 	
26 	V 	 V 	 V 
5. 8.39 - 0.16 
- V 	
- 2.12 - 3.65 
 
En - 1.19 - 3.88 1.10 - 0.02 - 	 V 
F. - 1.54 
V 
 - 3.71 1.99 - 0.02 - V 
Con 7.25 1.53 1.12 1.28 216 2.12 3.24 6.24 V 
Cl. 3.72 1.99 2.11 1.24 3.87 3.38 3.48 3.74 
two 11.67 3.53 3.16 2.58 5.91 6.12 6.81 10.52 	 V 
Fe .13.40 5.78 5.24 5.14 1.97 4.24 6.48 11.93 
F. .7.59 8.26 10.91 5.51 3.91 5.91 7.67 7.87 
Or 561 7.16 10.45 10.31 11.30 9.68 5.61 5.87 
An 18.19 26.37 20.07 25.31 23.20 26.44 30.62 24.96 
An 11.88 21.84 34.52 27.41 33.12 .28.65 25.05 14.29 	. 	 V 
Nt 2.18 2.46 2.48 2.12 1.85 1.75 2.12 2.18 V 	
11 4.67 6.38 4.31 6.03 4.71 391 4.69 4.24 	 V 
V 	 Ap 2.01 1.13 2.38 1.36 1.52 1.32 0.79 0.87 
V 	 V 	: 0.1. 25.98 36.00 45.13 -.. 37.71 44.42 40.45 30.66 . 	23.80 	 V 




































































































































































































































































































































































55.63 52.07 55.39 
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LM U9 UA UWIS UWI2 LI13 U14 MIS 
S102 47.69 41.49 41.48 59.12 42.69 41.19 49.63 41.97 
hOe 2.23 3.30 3.42 0.69 4.09 3.87 2.80 3.05 
*1203 16.40 10.87 10.89 15.73 15.40 11.87 14.36 11.30 
F.203 13.09 13.09 13.86 1.37 14.32 13.82 13.82 13.39 
* 0.21 0.23 0.25 0.15 0.35 0.17 0.18 0.16 
3.43 10.12 10.23 0.63 4.57 10.03 4.85 10.40 
C.0 6.92 11.33 11.43 2.92 8.13 10.19 8.64 11.79 
N._20 3.00 2.45 2.41 4.66 3.45 2.46 2.57 1.71 
0 2.06 0.65 0.60 4.78 1.31 0.47 0.82 0.39 
P206 1.20 0.89 0.89 0.19 0.61 0.84 0.45 0.68 
LOl nd 3.59 3.81 2.59 3.17 4.29 3.73 4.49 
total- 97.03 98.87 99.32 98.84 98.68 99.20 98.05 99.29 
Ni 12 165 14 - 11 17 10 9 
Cr 7 243 13 1 6 11 13 3 
V 215 282 	. 225 263 141 345 253 241 
Sc 17 31 - 	23 23 16 23 27 17 
Cu 17 45 12 - 33 13 8 14 
Zn 06 94 196 225 188 302 286 141 
Sr 719 442 621 406 . 	923 774 555 705 • 	. 	 N. 30 9 41 24 53 33 30 35 
	
'. 	. • 	. 	. Zr 234 A71 262 190 249 235 281 260 
N. 41 27 40 30 . 	37 36 . 43 .- 	43 • . 
8. 439 294 . 	454 405 622 615 453 435 
Pb - - 41 58 52 Be 49 5 
7k 5, 3 - 15 .'- 3 .4 -. 
1.. 32 23 31 31 . 	23 27 - 	35 30 
C.' 70 51 72 67 61 64 84 68, 
N. 33 24. 36-33 30 32 41 33 
7. 30 26 37 26 32 31 40 33 
- 	. - - 4.02 -. - 0.66 - N. - 4.79 4.59 - 3.58 2.39 - 	- 0.74 
En 1.36 - - 	- 1.21. - - 9.31 - F. 2.31 - - 7.07 - - 11.16 - 
Con 0.71 8.59 8.66 0.36 2.60 6.53 2.77 8.37 
Cf. 1.30 4.68 4.64 2.08 .3.06 3.32 3.32 4.35 
En. 2.03 	.. 14.06 14.10 2.25 5.70 10.48 6.13 13.52 
F. 4.49 11.64 11.79 - 6.15 12.93 - 12.27 
F. 8.40 6.99 6.96 - 7.97 7.25 - 7.03 
Ot 12.15 3.82 3.53 29.25 7.71 2.79 4.86 2.33 
An 21.60 16.73 17.10 7.87 22.67 19.96 25.23 21.69 - he 32.19 11.92 11.92 39.47 - 	22.57 16.37 21.71 13.64 
Nt 2.25 2.39 2.38 1.27 2.46 2.37 2.38 2.30 - 	. 11 4.24 - 6.41 6.49 1.32 7.75 7.35 5.32 S79, 	- 
A. 2.78 2.06 2.07 0.44 1.42 1.95 1.04 Use 
0.1. 44.34 20.53 20.03 71.75 33.87 21.55 27.23 16.72 &m 40.16 58.39 59.93 16.63 50.11 54.94 53.74 61.39 
U17A UW18 L1W19 L  1.2 1.3 1.7 1.9 
9402 38.27 39.97 42.35 61.21 43.86 45.06 55.25 44.89 
1102 3.84 3.79 3.57 0.74 2.92 3.3S 1.33 2.72 
*1203 10.94 10.44 16.55 17.57 12.61 14.29 16.85 15.73 
F.203 14.68 14.62 12.76 6.97 13.47 13.64 10.52 12.27 
Ib 0.23 0.20 0.16 0.04 0.16 0.10 \ 	006 022 
NqO 9.15 8.99 2.99 0.10 10.68 1.53 1..54 7.76 
EnD 13.48 11.65 7.51 0.86 11.29 9.81 2.39 9.03. 
1620 1.90 3.57 4.78 5.75 2.31 2.49 5.36 2.57 
O 0.37 0.52 1.26 5.9'? 1.01 1.83 3.85' 1.13 
P206 1.25 1.30 0.73 0.18 I 	0.32 0.46 0.49 0.48 
1.01 4.21 5.16 7.90 1.05 nd nd vid 3.32 
total. 98.91 100.21 100.57 100.50 98.63 98.65 91.65 100.12 
Mi 63 4 50 3 183 128 I 	. 	2 11 
Cr 206 2 92 s 401 219 f 	- 	4 148 
V 335 362 324 6 317 268 I 23 259 
Sc 49 24 28 4 . 	31 '24 I 	15 25 
Cu' 106 . 19 3 2 - 	41 49 ( 3 3 
Zn . 	71 1010 -'266 22 Be 99 110 112 	 ' 
Sr 252 "597 ' 	565 194 659 899 495 685 
16 21 47 ' 34 153 15 32 - 	103 24 
Zr 127 291 , 	181 668 147 187 474 145 
N. ' 	7 51 - 30 98 36 - 51 ' 	85 . 	32 
8. 230 556' 413 ' 	1209 556 756 1344 - - 	560 
Pb - 21  21 - 	120 10 - 3 19 I 
7k -  2' .6 16 - 3 .12 4 
' 	La 12 38 30 59 34 - 	39 - 	'74 25 
C. 28 87 .63 , 	123 65 82 -153 54 
N. 14 - 	36 " 	29 45 28 37 62 24 ' 
Y. 37 38 ', 	21 39 - 	20 22 42 20 
16 6.94 11.59 9.33 - 5.05 2.12 - - 
En - - - 0.22 - 	' - 1.62 0.99 
F. - - - 7.27 - 
Con 9.65 9.38 2.06 - 8.50 5.45 - 3.28 
Cf. 5.57 5.86 3.24 - 4.40 3.97 - 2.14 
C.. 16.07 16.01 5.23 - 13.11 9.72 - 5.69 
F. 10.26 9.12 3.78 0.02 12.67 9.33 1.55 10 . 55 
F. 6.53 6.28 6.56 0.81 7.23 7.30 5.44 - 	1.51 
07 2.20 3.06 7.47 35.25 5.98 10.01 22.76 6.68 
An 20.21 10.92 '19.93 3.08 21.04 22.41 8.63 28.05 
Lb 3.28 8.82 23.27 48.62 10.24 16.07 45.40 21.75 
Nt 2.52 2.51 2.19 1.20 2.31 2.34 1.81 2.11 
11 7.30 7.19 6.79 1.41 5.55 6.36 2.53 5.17 
C - ' 	- - 	' 0.53 - - 0.69 - 
A. 2.90 3.02 1.69 0.42 j 	0.75 - 	1.06 1.15 	- ' 	1.11 
0.1. 12.42 23.47 4.0.06 83.87 1 21.27 29.60 68.16 28.42 
An 	'.86.02 55.30 46.14 5.96 / 67.25 58:23 	..4i5.98 •.'56.33 
298 
LII 112 113 114 115 1.16 LI? LIS 
5102 45.21 47.42 48.65 47.82 45.34 48.01 51.96 45.79 7102 2.84 2.28 2.30 2.48 2.70 3.03 2.63 3.39 *1203 14.07 15.76 16.17 16.66 15.96 16.83 15.69 16.10 F.203 10.79 11.08 10.69 10.84 12.00 11.36 12.13 12.27 
._ 0.16 0.13 0.13 0.15 0.33 0.22 0.13 0.22 4.23 6.47 4.95 5.45 6.62 5.09 2.47 6.05 C.0 12.92 6.53 6.89 5.40 8.49 4.53 4.74 8.07 N.30 2.63 2.91 3.14 3.68 2.65 3.67 4.28 2.57 QO 1.39 2.53 2.60 2.28 1.42 0.93 2.72 1.37 P265 1.11 0.61 0.62 1.02 0.50 0.55 1.03 0.52 
101 3.05 2.85 2.35 3.01 2.80 5.15 ad ad 
total- 99.20 98.50 98.49 90.78 98.90 99.38 97.79 97.24 
Mi 126 56 58 15 66 09 4 39 Cr 323 158 161 22 148 215 5 62 V 224 159 192 98 218 234 149 264 Sc 21 23 26 21 19 30 19 20 Cu 8 9 5 10 5 12 10 32 Zn 73 221 117 295 91 .305 212 Be Sr 1034 664 - 	 727 630 006 502 652 820 Rb 26 41 43 50 28 17 74 28 Zr 139 158 159 300 114 129 336 132 N. 37 35 34 63 27. 32 69 32 on 976 .1876 2025 005 1637 412 977 727 Pb - - - 16 - 24 
. 
4 1 Th - - - 2 :. 3 8 - 
1. 41 34 36 56 23 28 Be 23 C. 09 74 75 119 .53 58 - 	 138 55 Nd 40 34 34 52 27 27 58 26 Y .22 21 21 37 18 20 38 19 
8 - - - - - 2.43 0.37 - 
N. 2.03 - - - - - - - 

















2.75 Ci. 6.93 100 1.49 - 1.96 .. 0.34 2.09 Cue 14.33 2.49 3.25 - 4.76 - 0.49 5.03 F. 2.40 7.72 4.54 5.90 7.97 - - 5.31 F. 2.58 6.08 4.45 5.22 6.57 - - 4.45 Or 8.18 14.97 15.36 13.45 8.40 5.50 16.08 8.09 An 22.50 22.43 22.37 20.14 27.43 18.91 15.59 20.55 Ab 18.51 24.65 26.54 31.10 22.47 31.04 36.18 21.76 Mt 1.05 1.90 1.84 1.06 2.06 1.95 2.09 2.11 
11 5.39 4.34 4.38 4.71 5.28 5.76 5.00 6.44 C - - - 0.77 - 2.86 0.29 - 
Ap 2.58 1.42 1.43 2.35 1.16 1.27 2.39 1.21 
0.1. 28.72 39.62 41.89 44.55 30.06 38.97 52.63 29.85 AnS 54.87 47.65 45.75 39.31 54.98 37.06 30.11 56.75 
119 620 CP21 1Q2 )23 !24 M25 H26  

















0.31 1.01 ad 5.66 ad ad 5.80 ad 5.13 ad 
4.4.1= 97.33 99.45 98.84 98.94 100.60 98.21 108.25 97.58 

























































































20 V 23 21 30 27 31 23 24 24 




- - - 



















































5.77 An 17.57 23.29 23.31 23.61 24.56 25.42 26.21 29.46 Lb 18.60 11.45 27.95 21.52 18.24 19.83 8.71 18.20 Mt 2.14 1.63 1.98 2.18 2.40 2.11 1.83 2.19 11 5.02 2.94 4.61 4.78 5.14 3.42 3.59 3.75 Ap 1.34 0.56 1.39 1.05 2.05 0.66 0.70 0.72 
0.1. 25.26 17.71 37.59 35.32 31.70 25.55 15.41 23.97 AnI 48.57 67.05 45.47 52.32 57.38 56.18 75.05 61.81 
299 
1439 1439 H30 401 1132 02 104 H35  
SiO2 67.26 49.52 45.85 46.09 49.61 43.76 45.67 64.61 
Ti92 2.25 2.52 2.03 2.79 1.93 1.95 2.54 2.13 
61203 16.37 17.28 *7.71 17.30 19.21 17.24 16.24 14.12 
F.203 11.06 9.70 10.03 11.64 8.31 3.57 *2.53 12.46 
* 0.20 0.21 0.19 0.13 0.07 0.13 0.18 0.21 
I 5.75 4.85 3.62 5.05 2.15 2.39 6.33 9.01 
Ca0 9.74 9.10 9.95 9.00 6.15 10.88 8.82 9.73 
N.20 3.00 3.12 3.07 2.87 3.89 3.10 2.55 2.83 
0 1.45 1.66 1.75 1.87 1.59 1.67 1.44 0.53 
P205 0.55 0.48 0.44 0.50 0.85 0.43 0.49 0.36 
LOT ad ad 5.28 - ad 6.10 7.93 4.49 3.61 
total- 97.52 97.44 99.90 97.24 99.85 99.65 101.26 99.40 
Ni 113 46 38 33 10 33 57 153 
Cr 231 95 60 54 5 36 106 351 
V 194 266 203 288 81 178 243 256 
Sc 21 24 24 24 14 22 21 31 
Cu 19 39 33 6 235 35 29 38 
Zn 85 92 233 197 124 190 89 79 
• 	 St 684 636 659 BBS 481 658 	. 718 520 
• . 	 IL 32 .33 38 35 35 35 - 26 B 
Zr 158 225 231 209 279 237 217 173 
• 	 . 	 IL 34 41 44 41 5S . 44 42 30 
• '- 	 Ba 849 618 606 1345 483 511 592 586 
Pb 13 - 5 35 9 18 - 3 
Th 4 2 2 - 5 3 3 2 
La 33 34 35 32 46 31 31 25 
C. 70 73 73 66 102 78 66 51 
lId 33 -.34 33 31 47 36 30 26 
Y 25 29 27 28 33 27 25 24 
. 	
•. - -. -' - 3.14  
N. 0.05 - 2.44 0.75 - 5.68 - 1.44 
En . 	- 3.40 - - 535 - 2.77 	.. - 
. 	 . 	 F. - 2.65 - - 8.23 - 	 . 	 - 2.31 - 
Con 3.95 3.11 3.25 2.67 - 4.09 2.65 5.31 
Ci. 3.22 2.42 3.84 2.43 - 5.52 2.22 3.27 
Cu. 7.41 5.73 7.15 5.24 - 9.60 5.02 . 9.02 
F, 7.26 3.91 4.04 6.94 - 2.35 7.25 11.99 
F. 6.53- 3.35 5.24 6.96 - 3.49 6.68 8.13 
Or 8.55 9.79 10.34 11.06 9.41 9.89 	. 8.50 3.13 
An 26.93 28.26 29.37 28.79 24.95 28.11 28.61 24.27 
Lb 25.29 26.40 21.48 22.90 32.94 15.76 21.58 21.30 
Nt 1.90 1.67 1.72 2.00 1.43 1.65 2.15 2.14 
11 4.27 4.78 3.85 5.30 3.66 3.70 4.02 4.05 
C - - - - 1.94 - - 
Ap 1.29 1.12 1.01 1.17 1.97 1.00 - 1 -1 01 0.84 
0.1. 33.88 36.19 34.26 34.70 45.49 31.33 30.08 25.86 
Li 51.56 51.70 57.75 55.70 43.10 64.13 57.01 53.26 
4070 lOB 1439 4460 1441 $112 1143 4444 
SiO2 45.88 45.56 45.53 45.25 45.65 1.6.26 47.68 50.35 
Ti92 2.63 2.14 2.78 2.79 2.80 2.82 1.84 1.85 
• 	 61203 16.66 15.23 16.25 16.95 16.82 16.81 18.07 18.43 
F.203 12.87 11.33 12.66 13.12 13.08 12.25 8.38 10.13 
rad$ 0.21 0.17 0.25 0.32 0.37 0.15 0.10 0.12 
I 5.29 7.78 4.10 5.35 5.24 5.00 3.29 4.51 
• 	 ' 	 CaO 9.29 '9.94 11.14 7.85 7.63 8.55 7.28 2.52 
N.20 2.67 2.45 2.54 3.48 2.98 3.20 2.93 5.71 
0 1.32 1.25 1.75 1.65 1.71 1.76 2.59 1.84 
P205 0.51 0.47 0.55 0.53 0.53 0.55 0.83 0.34 
101 ad ad ad ad 3.24 ad 7.23 3.59 
total= 97.33 91.31 91.55 97.29 100.06 97.33 100.23 99.45 
Ni SI 150 76 40 30 34 6 78 
Cr 108 343 131 - 70 37 62 3 125 
V 242 218 295 224 192 166 80 243 
Sc 23 25 24 18 19 16 13 31 
Cu 51 44 19 7 37 - 	45 10 10 
Zn 93 84 111 . 	 359 82 63 93 341 
Sr 837 719 681 - 	 765 784 187 505 794 
• 	 IL 19 17 47 33 34 .38 46 43 
Z  229 185 206 237 241 .241 .264 161 
IL 44 	, 39 43 44 45 - 	43 .53 31 
Ba 675 1048 -- 	667 770 1779 693 1067 493 
• 	 'Pb - I - 41 59 - 4 -. 	5 - 16 
Th 4 - 3 1 -' 2 - - 
1. 34 37 37 36 35 39 '45 21  
' 	 C. ', 	73 69 80 75 77 80 102 48 
Nd 34 , - 	 31 36 34 35 35 47 '23 
7. 27 23 27 27 .28 29 35 21 
N. - - 2.00 3.20 - 1.18 - 0.30: 
En- 2.33 2.50 - - 1.10 - 6.19 - 
F. 2.39 1.57 - - 1.17 - 5.4€ - 
Can 2.67 4.72 4.36 1.99 1.39 2.58 0.44 - 
Ci. 2.74 2.97 5.59 . 	2.03 1.47 2.54 0.46 - 
Cu. 5.50 8.07 9.97 4.05 2.90 5.22 0.91  
Fe 5.73 8.52 4.10 7.96 - 	7.40 6.91 1.09 1.97 
F. 6.49 5.90 5.80 9.10 8.65 1.51 1.26 8.43 
Or 7.18 7.37 10.34 9.73 10.11 10.39 15.27 10.89 
An 29.60 26.89 27.77 25.76 27.46 26.33 28.54 10.30 
Lb 22.58 20.71 17.-78 23.57 25.23 24.86 24.78 47.71 
Mt 2.21 1.95 2.18 2.26 2.25 2.10 1.44 1.74 
II 4.99 4.06 5.27 5.30 5.32 5.35 3.50 3.52 
C - - - - - - - 327 
Ap 1.17 1.09 1.28 '1.23 1.23 1.27 1.92 0:79 
' 	
0.1. 30:36 28.08 30.12 L 36.50 35.34 36.43 	- 40.06 ' 58.96 
Li 55.73 56.49 60.97 52.21 52.11 51.43' 53.52 17.73 
300 
1445 1448 1447 1469 161 M2 103 164 
SiO2 49.80 50.95 48.82 47.09 48.38 48.13 46.02 52.32 
7i02 2.09 1.95 2.52 2.57 2.37 2.06 2.31 2.16 
41203 16.39 19.04 18.51 16.46 15.84 17.99 17.17 18.97 
F.203 11.65 9.92 11.40 11.14 12.12 10.06 11.23 10.08 
N.0 0.15 0.12 0.16 0.23 0.25 0.14 0.30 0.07 
6.85 3.83 3.65 3.43 6.85 1.58 6.50 1.53 
C.0 2.10 2.27 7.31 5.27 3.44 5.30 2.88 1.53 
8.20 6.38 6.08 2.93 6.30 5.61 6.15 5.54 6.62 
020 0.35 1.65 1.50 0.57 0.47 1.78 0.66 2.00 
P295 0.35 0.35 0.44 0.53 0.49 0.45 0.51 0.46 
LOl 4.48 3.35 3.16 6.16 6.15 5.77 5.97 3.15 
total. 100.66 99.51 100.41 99.75 99.97 99.40 99.49 98.90 
Ni 113 65 28 141 213 31 93 40 
Cr 253 98 21 307 498 60 248 73 
V 253 259 238 271 291 210 221 199 
Sc 34 30 25 35 37 18 32 20 
Cu 15 11 14 21 9 5 22 14 
Zn 636 217 328 143 153 90 195 129 
Sr 428 770 785 673 792 837 1096 525 
8. 6 39 31 18 7 37 18 39 
Zr 164 113 177 209 184 192 218 209 
8. 27 .33 36 47 41 . 	 41 43 42 
9. 185 941 804 282 205 673 416 1041 
Pb 16 17 '55 6 10 7 7 6 
La. 17 22 31 32 29 29 32 31 
co - 45 54, 68 76 68 61 64 69 
Nd 21 24 32 33 29 29 . 	 31 32 
Y 23 22 27 29 27 24 30 24 
a - - 1.02 - - - - - 
14. 0.23 - - 6.87 2.48 8.63 1.22 - 
En - 0.26 9.03 - - . 	 - - 0.74 
F. - 0.29 11.54 - - - - 2.00 
Can - - 0.07 1.39 - '0.84 - - 
Cf. - - 0.10 1.83 - 2.25  
Ca. - - 0.17 3.22 - 2.95 - - 
F. 12.12 6.50 - 5.01 11.97 2.17 11.35 2.15 
F. 9.79 7.86 - 7.31 10.04 6.39 9.26 6.37 
Or 2.05 9.72 8.85 3.35 2.79 10.49 3.88 11.82 
An 8.11 8.98 32.95 14.97 13.86 16.25 10.97 4.63 
Lb 53.55 51.48 24.77 40.63 42.87 36.07 44.63 56.03 
Ht 2.00 . 	 1.70 1.96 1.91 2.08 1.73 1.93 1.73 
II 3.95 3.70 4.78 4.89 4.51 3.91 4.39 4.11 
C 2.55 3.96 0.11 - 1.03 - 3.82 4.21 
Ap 0.81 0.81 1.03 1.23 1.13 1.05 1.18 1.06 
0.1. 55.83 61.20 34.63 50.84 48.14 55.20 49.74 67.85 
£4 13.16 14.96 57.09 26.93 24.43 31.06 19.73 7.63 
165 S71662 858 167 858 139 60 851 
SiO2 44.81 48.70 45.64 48.22 45.55 43.99 44.41 47.02 
702 2.59 3.88 2.75 3.64 3.04 3.18 3.85 3.75 
*1203 16.29 14.85 13.42 16.56 14.97 15.09 17.06 16.60 
F.203 14.85 13.80 12.14 10.95 14.11 13.33 12.19 11.11 
MO 0.23 0.14 0.17 0.04 0.07 0.09 0.07 0.10 
5.59 1.54 8.84 4.59 4.17 5.33 8.53 4.77 
CaD 2.91 4.43 8.57 5.11 6.77 7.73 3.72 6.54 
8.20 5.84 6.75 2.59 3.28 3.01 2.84 2.97 4.13 
020 0.58 0.45 1.86 1.86 1.51 1.28 2.05 1.52 
P295 0.53 1.87 0.10 0.79 0.50 0.50 0.82 0.79 
1.0! 5.04 2.20 2.41 4.41 5.82 6.66 5.50 3.20 
total= 99.27 99.60 98.98 99.44 99.52 - 99.90 101.18 99.54 
N  214 4 197 83 135 173 97 81 
Cr 358 3 285 64 258 274 61 66 
V 
30-4 148 242 211 211 217 213 200 
Sc '35 21 24 25 28 30 24 22 
Cu 5 9 51 12 19 18 8 34 
Zn 148 90 103 192 30 39 260 61 Sr 750 689 900 496 679 507 453 675 8. 18 42 39 29 25 22 27 28 
Zr 200 249 315 397 292 293 439 415 
IL 45 50 63 ' 	 39 32 ' 	33 52 49 
8. 545 304 579 392 253 277 339 449 
Pb 12 18 4 7 7 4 32 10 
1. 34 47 41 36 30 31 25 38 
C. 73 117 92 76 76 78 97 - 	 99 
Nd 32 62 41 52 38 39 53 54 
7 26 45 29 S8 32 32 46 - 	 38 
Q - - - 2.39 - - - - 
N. 4.76 - 0.59 - - - - - 
En - 0.96 - 11.42 5.89 2.95 12.01 0.68 
F. - 3.16 - 8.94 8.10 2.90 5.84 0.50 
Can - - 6.82 - 1.31 2.15 - 1.14 
Cf. - - 2.69 - 1.81 2.11 - 0.87 
Ca. - - 7.94 - 3.11 4.34 - 2.09 
F. 9.76 2.01 12.05 - 2.23 5.73 6.47 1.08 
F. 12.61 7.28 7.40 - 3.38 6.20 3.41 5.96 
Or 3.46 2.65 11.02 10.98 8.92 7.57 12.12 8.98 
An 10.95 6.20 19.52 20.20 22.86 24.65 13.09 22.27 
Lb 40.65 57.15 20.76 27.75 25.49 24.00 25.13 34.98 
Mt 2.55 2.37 2.09 1.88 2.43 2.29 2.10 1.91 
11 4.91 7.38 5.23 6.91 5.78 6.03 7.32 7.12 
C 2.03 0.99 - 1.75 - - 5.15 - 
Ap 1.23 5.59 1.40 1.83 1.16 1.17 1.91 1.84 
0.1. 48.86 59.80 .32.37 41.13 34.41 31.51 37.25 43.94 





5092 46.83 	51 20 	46.60 	50.66 	53.24 	45.73 	45.87 	.81 
1092 	3.50 2.33 3.44 2.45 1.88 4.03 3.81 3.46 
41203 16.23 	15.25 	15.02 	14.68 	15.16 	14.18 	14.78 	15.22 
P.203 11.72 10.54 14.01 12.34 10.63 14.49 14.13 13.38 
0.21 	0.13 	0.19 	0.06 	0.15 	0.18 	0.17 	0.18 
NgO 	4.44 4.39 5.07 4.86 3.50 6.44 6.57 6.43 
C.O 8.34 	6.56 	8.52 	6.92 	5.03 	9.31 	7.75 	0.19 
Nb20 	3.51 3.50 3.21 3.47 3.78 2.72 3.12 2.75 
1.45 	2.30 	1.00 	Y.76 	2.46 	0.98 	0.88 	1.00 
P285 0.17 0.63 0.19 0.61 0.54 0.50 0.47 0.80 
101 	2.28 	1.77 	1.10 	0.62 	1.14 	1.70 	1.99 	2.54 
total. 99.27 	98.80 	98.95 -- 98.53 	98.31 	99.26 	99.51 - 98.75 
Mi 	00 	76 	.97 	102 	77 	111 	123 . 	111 
Cr 69 76 84 112 93 02 81 	106 
• V 	197 	134 	207 	137 	98 	221 	205 213 
Sc 20 14 20 18 15 19 17 	19 
• Cu 	20 	33 	46 . 	42 	27 	52 	46 43 
Zn 120 92 132 	124 110 124 II? 	105 
S. 	763 	430 	600 479 	467 	552 	522 613 
Nb 25 37 19 	29 37 16 15 	17 
Zr 	398 	634 	293 549 	753 	265 	246 198 
Nb 48 39 31 . 	35 39 29 27 	27 
374 	622 	362 615 	072 	291 	201 284 	 -. 
Pb 	4 7 3 	2 2 3 2 	2 
. . 	 35 	44 	26 33 	43 	20 	29 24 
co 	93 112 . 67 	82 107 53 52 	66 
•Nd 49 	56 	40 46 	55 	31 	29 33 
IF 	39 42 34 	38 43 32 30 - 29 
a 	- 	0.46 	- 	0.06  
En 1.51 8.98 4.86 9.59 . 7.22 	. 7.09 	5.06 	6.19 
F. 	1.44 	8.52 	.5.27 	10.27 	9.64 • 5.92 4.09 4.94 
Con 	2.52 . 1.96 266 2.21 1.49 	3.18 	2.61 	2.06 
Cf. 	2.41 	•1.86 	2.08 	2.36 	1.98 2.65 2.10 1.65 
C.. 	5.04 3.90 5.61 4.63 3.47 	6.01 	4.87 	3.83 
F. 4.92 	- 	3.58 	0.25 	- 4.04 6.09 5.44 
F. 	5.17 - 4.28 0.29 - 	3.71 	5.42 	4.79 
Or 	8.58 	13.59. 	5.91 	10.42 	14.52 5.81 5.18 5.93 
An 24.27 19.08 23.65 19.25 17.13 	23.57 	23.75 	26.23 
Lb 29.67 	29.69 	27.13 	29.37 	31.99 23.01 26.37 23.25 
Pt 	2.01 1.81 2.41 2.12 1.83 	2.49 	2.43 	2.30 
Ii 6.65 	4.80 	6.53 	4.65 	3.58 7.65 7.23 6.57 
Ap 	1.78 1.45 1.83 1.41 1.24 	1.16 	1.08 	1.84 
0.1. 38.25 	43.73 	33.04 	39.85 	48.65 	28.82 	31.55 	29.18 
Aa4 45.00 39.13 46.58 39.60 34.07 50.61 47.38 53.01 
KTI 	K72 	E73 	. 04 	. E75 	Efl 	ETh 	0(79 
SiO2 44.54 	41.08 	43.51 	50.16 	47.95 	47.12 	46.83 	48.15 
1002 	3.05 3.02 3.48 3.03 3.16 3.29 2.99 3.35 
£1203 14.48 	14.06 	15.69 . 13.90 	14.74 	15.69 	15.02 	16.37 
F9203 11.33 16.43 13.86 	12.76 12.84 13.78 13.01 13.39 
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1*0 1*1 182 1*3 1*4 185 UI LI? 
3192 60.77 63.25 60.30 44.15 44.10 50.35 51.01 62.75 
T402 0.65 0.50 0.59 3.39 3.37 2.29 1.13 0.60 
41203 17.27 16.25 16.51 14.11 13.93 18.93 17.45 16.98 
F.203 5.26 5.54 7.66 12.63 13.02 9.40 8.74 4.80 
ftA 0.07 0.08 0.09 0.18 0.15 0.07 0.14 0.08 
40 1.09 0.35 0.33 5.80 7.56 3.10 1.72 0.43 
6.0 2.25 0.95 1.29 11.31 10.34 6.93 5.27 1.10 
N.20 4.49 5.03 4.02 2.10 2.07 3.53 3.98 4.86 
0 5.12 5.61 5.71 1.68 1.21 233 3.96 5.73 
P209 0.14 0.08 0.19 0.50 0.42 1.01 1.10 0.20 
LOT ad ad ad 3.88 2.98 ad 3.62 ad 
total. 97.12 97.65 97.40 99.72 99.15 90.14 98.73 97.50 
Ni 5 6 3 106 148 11 8 4 
Cr 5 8 4 230 281 8 5 5 
V 6 15 - 223 281 104 26 1 
Sc 7 4 18 23 24 16 7 17 
Cu - 1 1 10 14 5 23 2 
Zn 225 34 41 108 271 193 63 41 
St 220 70 165 1120 984 1049 1126 157 
IL 131 175 160 33 24 59 77 163 
Zr 630 1006 652 ' 	 171 155 311 395 662 
IL 82 123 130 54 48 72 102 135 
On 824 724 1097 . 803 706 894 1817 1138 
Pb 28 12 35 9 18 45 17 22 
Tb 5 12 0 - - - - 10 
La 69 109 146 ' 	 44 39 63 103 131 
C. 142 231 251 100 01 136 210 253 
Nd 52 87 101 41 33 56 82 93 
Y 50 73 45 25 22 33 40 49 
0 6.16 7.07 3.34 - - 0.16 - 7.55 
N. - - - 1.49 - - - - 
En 2.71 0.88 0.81 - 1.09 6.54 2.07 1.06 
F. 6.20 6.86 9.61 - 0.72 7.72 4.41 5.64 
Con - - - 6.37 5.64 - 0.08 - 
Cf. - - - 5.25 3.71 - 0.17 - 
C.. - - - 12.00 9.79 - 0.24 - 
F. - - - 5.65 8.49 0.83 1.50 - 
F. - - - 5.13 6.16 1.08 3.51 - 
Or 30.24 33.17 33.72 9.92 7.17 14.96 22.83 33.84 
An 10.26 4.15 5.11 24.08 25.12 27.76 18.36 4.18 
Lb 38.04 42.56 40.82 15.06 1733 29.91 33.63 41.14 
let 0.90 0.95 1.32 2.17 2.24 1.61 1.50 0.82 
11 1.24 0.94 1.11 6.43 6.40 4.34 3.47 1.13 
C 0.57 0.38 0.53 - - 0.19 0.56 1.25 
Ap 0.32 0.19 0.44 1.17 0.96 2.35 2.55 0.46 
0.1. 74.44 82.00 77.87 26.47 24.71 45.03 56.47 02.53 
A.0 21.24 0.88 11.12 61.53 50.09 48.14 35.31 9.21 
180 189 L90 191 192 193 1.94 1.85 
5182 49.65 49.22 40.88 47.92 47.74 48.84 45.81 4.4.30 Ti02 2.04 2.26 2.40 2.26 2.40 2.32 3.36 2.00 A1203 10.08 15.43 15.73 15.12 14.98 15.61 15.29 15.85 F.203 9.98 13.03 12.17 11.07 12.20 11.29 13.74 14.04 MO 0.08 0.12 0.20 0.20 0.22 0.15 0.19 0.29 M0 3.57 2.96 4.29 3.31 5.39 4.53 4.52 5.39 C.O 5.41 6.07 6.23 10.00 8.60 8.03 7.92 10.82 1b20 3.89 3.84 3.00 2.84 2.54 2.93 2.96 2.48 0 2.98 3.10 2.30 2.15 2.07 2.51 2.19 0.65 P209 0.91 1.20 0.57 0.55 0.51 0.59 1.02 0.38 LOT 2.66 ad 3.42 4.03 2.88 1.93 2.05 2.74 
total= 99.24 97.23 99.19 99.44. 99.52 98.72 99.84 99.71 
81 6 5 98 02 86 71 12 76 Cr 5 3 225 108 268 190 1 110 V 56 lOS 210 183 223 203 213 327 Sc 13 15 30 25 26 23 19 28 Cu 4 2 11 10 7 5 12 13 Zn 419 130 239 95 87 99 125 . 06 Sr 930 716 738 756 722 737 913 704 IL 80 76 40 37 36 42 52 5 Zr 379 352 147 141 144 151 303 136 IL 83 80 34 33 33 34 72 30 8. 1038 1137 1673 1622 1436 1044 902 474 Pb 71 19 - I - - - 2 La 69 73 32 29 33 31 61 23 co 152 162 70 69 67 74 136 55 Nd 61 70 34 33 33 35 57 25 7 38 44 23 23 24 23 35 22 
En 2.84 0.93 9.10 1.21 5.40 3.83 1.54 0.21 F. 3.30 1.79 11.02 1.71 5.23 4.01 1.85 0.24 L.a - 0.96 0.85 4.15 3.32 2.82 2.00 4.10 Cf. - 1.85 1.02 5.87 3.22 2.95 2.40 4.59 Coo - 2.73 1.88 9.97 6.67 5.86 4.43 8.77 Fe 4.24 3.85 0.53 2.03 3.29 3.24 5.40 6.38 F. 5.44 8.17 0.70 3.16 3.52. 3.73 7.14 7.86 Or 17.59 18.34 13.59 12.71 12.23 14.84 12.92 3.82 An 20.91 15.73 22.66 22.18 23.36 22.01 21.99 30.20 Lb 32.89 32.45 25.39 23.99 21.48 24.02 25.01 20.99 Nt 1.72 2.24 2.09 1.90 2.10 1.94 2.36 2.41 11 3.87 4.28 4.55 4.29 4.56 4.40 6.38 5.31 C 0.80  
AV 2.10 2.77 1.32 1.26 1.18 1.36 2.37 0.87 
0.1. 50.48 50.79 38.98 36.70 33.72 39.66 37.93 24.81 Lid 38.87 32.65 47.15 48.04 52.09 47.00 46.78 58.99 
303 
- 196 1.97 188 LIX 1.101 L162 Ofin $103 
5402 52.44 53.02 45.85 45.08 48.62 46.84 58.60 42.76 
TiO2 3.19 2.17 2.82 2.93 2.97 2.92 0.45 2.82 
*1203 18.02 18.32 14.34 14.14 14.32 17.17 16.67 14.18 
F.203 6.75 7.48 10.40 13.90 12.23 12.15 7.58 11.72 
Ib 0.07 0.07 0.17 0.17 0.19 0.20 0.09 0.16 
qO 4.05 0.72 3.85 4.52 4.22 4.77 0.61 7.70 
0.0 5.20 5.01 12.69 10.56 8.24 3.47 1.46 10.21 
N.20 3.79 4.00 2.58 2.48 2.64 5.15 4.75 3.21 
0 2.57 4.34 0.96 1.16 1.05 1.36 6.94 0.80 
P205 0.80 0.88 1.30 1.34 1.34 0.51 0.12 0.72 
101 2.82 2.80 4.27 2.40 3.75 4.80 1.66 5.11 
total- 99.71 98.81 99.24 98.67 99.58 99.35 90.93 99.18 
Ni 6 5 108 149 122 101 4 149 
Cr 3 6 277 305 360 207 5 194 
V 160 38 211 257 210 249 - 236 
Sc 22 11 21 23 27 29 4 20 
Cu 5 18 12 8 39 19 5 46 
Zn 20 532 66 83 79 225 100 118 
Sr 734 861 1129 1048 989 352 131 1010 
Ab 60 108 14 25 21 19 149 7 
Zr 317 362 80 91 92 132 482 305 
Mb 68 95 - 32 33 34 32 IDS . 	 79 
0. 883 1431 705 . 	 767 755 400 706 1266 
Pb 3 10 1 - 1 26 15 - 
Tb - - - - . 	 - -. II - 
1. 60 61 35 36 38 25 82 56 
C. 139 154 85 86 Be 55 166 .120 
Nd 55 65 41 39 41 24 64 47 
Y 46 41 22 23 22 17 42 30 
-0 3.77- 0.78 0.37, - 5.29 - - - 
N. - - - - - 0.74 0.93 5.54 
En 10.09 1.79 3.22' 4.74 1.96 - - 
. 
- 
F. 4.03 6.72 3.29 6.06 10.29 - . - - 
Con - - 6.05 3.59 1.55 - 0.17 5.90 
Cf. - - 6.18 4.59 1.78 - 1.12 3.66 
• C.. - - 12.44 A. Is 3.35 - 1.18 10.04 
F. - - 0; 21 2.05 - 0.33 
. 
0.94 930 
F. - - 0.24 2.08 - 9.31 6.65 6.36 
Or 15.22 25.62 5.67 6.87 6.23 0.07 41.04 4.73 
An 20.58 -19.06 24.67 23.99 24.10 13.90 3.64 21.90 
Lb 32.08 33.08 21.92 21.03 22.36 42.10 38.51 16.95 
Nt 1.16 1.29 1.79 2.39 2.10 2.09 1.30 2.01 
11 . 	 6.15 4.12 5.36 5.56 5.64 5.55 0.05 4.97 
C 1.46 0.05 - - - 2.13 - - 
Ap 1.88 2.05 3.02 3.11 3.10 1.10 0.27 1.67 
0.1. 51.06 60.27 27.96 27.09 33.08 50.99 80.48 27.23 
Liii 39.08 36.02 52.95 53.29 51.87 24.78 0.63 56.37 
0104 8107 8110 8111 0112 0113* 01130 8113t 
5402 42.29- 44.03 43.85 45.09 39.93 43.07 43.23 42.89 
Ti02 2.04 2.66 2.52 2.46 2.42 2.39 2.40 2.39 
*1203 14.06 14.90 14.66 14.52 13.08 13.01 13.07 13.01 
F.203 
• 
11.93 12.51 11.62 12.32 12.56 12.53 12.53 12.45 
 0.11 0.23 0.20 0.18 0.22 0.10 0.18 0.18 
NgO 7.01 9.44 1.30 9.48 7.03 11.90 11.91 11.76 
0.0 11.41 7.77 9.51 10.38 13.34 10.07 10.09 10.07 
0.20 2.07 2.49 2.80 2.15 1.51 1.56 1.53 1.55 
0 0.83 0.97 1.21 0.55 1.11 1.49 1.49 1.47 
P205 0.26 0.69 0.62 0.67 0.49 0.49 0.48 0.49 
LOl 8.34 5.45 5.73 3.12 7.39 rid rid rid 
total= 100.35 101.12 100.02 100.92 99.94 96.70 96.93 96.26 
Ni 165 140 115 210 298 303 301 -301 
Cr 369 164 119 284 348 341 344 341 
V 218 231 203 . 	 208 267 259 260 266 
Sc 27 25 19 19 25 25 25 25 
Cu 72 44 .35 43 58 60 58 60 
Zn 135 ' 	 144 99 91 421 86 85 05 
Sr 383 1338 995 -1571 751 822 818 811 
N. 15 7 13 13 20 37 37 37 
Zr 120 253 298 199 167 165 163 162 
0. 22 67 . 	 65 63 SO 52 . 	 51 50 
8. 291 1009 905 1213 642 893 879 - 893 
Pb 3 3 3 - 6 - - - 
I.. 16 46 48 36 30 28 29 32 
co 32 103 100 .91 67 66 68 67 
Nd 17 44 40 . 36 28 28 30 29 
V 23 31 . 29 28 26 27 26 26 
N. 2.14 - 2.08 - 6.53 1.64 1.37 1.58 
En - 4.55 . 	 - 5.00 - 
F. - .2.52 - 2.75 - 
C.i. 6.52 1.87 4.62 4.77 8.90 6.08 	- 6.05 6.06 
Cf. 4.87 1.04 3.05 2.63 6.15 2.76 2.74 2.75 
C.. 11.83 3.09 8.03 7.83 15.71 9.47 9.41 9.44 
F. 7,84 11.98 950 9.70 7.43 16.51 16.54 16.28 
F. 6.31 7.31 6.91 5.08 5.68 8.24 8.24 8.14 
Or 4.90 5.71 7.16 3.27 6.58 8.80 8.82 8.70 
An 26.59 26.60 23.87 28.33 25.34 24.09 24.37 24.16 
Lb 13.80 21.10 19.82 18.19 1.26 10.20 . 10.45 10.22 
Nt 2.05 2.15 2.00 2.12 2.16 2.15 2.15 2.14 
11 3.87 5.05 4.78 4.88 4.59 4.53 4.56 4.55 
&p 0.60 1.61 1.45 1.56 . 	 1.14 1.14 1.12 1.12 
0.1. 20.64 26.82 29.06 21.47 14.37 20.64 20.64 20.51 
Liii 66.16 55.76 54.64 68.89 95.25 70.26 -89.99 70.20 
304 
11130 8114 8115 0116 8117 811• In Is 121 
5492 43.46 43.63 43.03 44.36 43.84 43.90 43.51 45.24 
TiO2 2.39 2.25 2.47 2.45 2.33 2.28 2.24 2.78 
£1203 13.21 13.64 14.30 13.97 13.99 13.66 13.57 15.39 
F.203 12.52 12.11 11.48 11.94 10.96 11.00 11.97 12.27 
$b4 0.18 0.18 0.25 0.16 0.14 0.15 0.20 0.52 
11.94 11.35 9.22 6.54 8.96 9.50 10.41 7.35 
COO 10.06 10.43 10.98 11.47 10.94 10.97 11.13 9.12 
I2O 1.66 1.43 1.47 1.20 1.18 2.32 1.61 2.55 
620 1.48 0.60 1.35 1.20 0.66 0.97 0.39 1.01 
P206 0.49 0.43 0.60 0.52 0.68 0.64 0.64 0.63 
101 ad 4.86 4.06 4.78 6.90 4.44 5.36 3.63 
total. 97.38 100.91 100.00 98.60 100.59 99.83 100.63 100.49 
Ni 304 278 259 219 211 288 269 181 
Cr 340 426 393 291 422 656 425 225 
V 264 264 252 228 262 247 236 222 
Sc 25 27 22 25 28 23 23 22 
Cu 59 61 52 47 54 56 56 53 
Zn Be 84 538 86 76 86 06 177 
Sr 019 571 BOB 935 1860 1234 1779 724 
Ia 38 17 29 18 29 18 14 12 
Zr 162 159 205 183 113 188 171 335 
IN) 51 . 46 65 46 74 75 73 '56 
no 892 601 '795 6541 2502 1474 . 844 541 
Pb - 4 4 - - 8 1 1 
Th - - -. - - - - 5 
La 31 29 42 33 48 43 42 43 
co 64 61 87 71 98 89 85 95 
Nd 29 27 36 37 42 36 34 41 
Y 26 27 29 29 30 28 28 29 
80 1.83 - - - - 2.17 - - 
En - 6.36 2.64 9.64 13.70 - 5.94 3.87 
F. - 2.94 1.37 7.38 6.94 - 2.84 2.76 
Can 6.04 5.32 5.70 5.55 4.94 6.90 5.93 3.18 
Ci. 2.72 2.46 2.97 4.25 2.50 3.35 2.84 2.27 
Co. 9.38 0.32 9.21 10.16 7.91 10.94 9.36 5.67 
F. 16.61 11.62 10.25 0.18 2.58 11.74 9.85 7.88 
F. 8.26 5.92 5.90 0.66 1.44 6.28 5.19 6.19 
Or 0.72 3.57 7.98 1.10 3.91 5.72 2.31 5.96 
An 24.22 29.02 28.45 29.19 30.92 24.01 28.62 27.54 
Lb 10.69 12.10 12.40 10.16 10.02 15.61 13.66 21.61 
Nt 2.15 2.08 1.97 2.05 1.88 1.89 1.99 2.11 
11 4.53 . 	 4.27 4.68 4.65 4.42 4.32 4.25 5.29 
Ap 1.14 0.99 1.40 1.20 1.56 1.49 1.48 1.46 
0.1. 21.23 15.67 .20.39 17.26 13.92 23.49 15.97 27.57 
*4 69.38 10.58 69.64 74.10 75.53 60.60 67.70 56.03 
CP122 CP123 CP124 CP125 CP126 CP129 CPI30 CPI 31 
5492 43.04 48.81 52.59 45.22 49.98 41.70 64.89 43.66 
T192 2.93 2.58 1.77 2.56 2.24 3.35 0.30 3.19 
*1203 12.86 15.17 18.13 14.03 17.46 13.09 17.79 15.49 
F.203 13.82 12.29 8.21 13.29 9.52 15.75 2.02 12.75 
i0 0.25 0.12 0.27 0.19 0.54 0.25 0.04 0.81 
10.30 6.19 3.29 10.34 4.21 9.19 0.42 8.20 
CoO 10.66 7.54 4.76 8.54 6.93 10.18 0.61 6.41 
8.20 2.03 4.61 4.38 2.38 3.58 1.99 7.44 2.82 
620 0.67 0.44 3.43 1.16 2.83 0.58 3.72 1.38 
P206 0.55 0.46 0.56 0.47 0.60 0.50 0.09 0.73 
101 3.68 ad 2.82 ad ad 4.29 ad 4.40 
total. 100.78 98.02 100.21 98.17 97.89 100.87 98.12 99.84 
Ii 376 247 5 240 30 322 10 149 
Cr 519 322 4 320 54 457 4 196 
V 291 230 39 228 140 339 8 268 
Sc 26 25 5 20 12 24 1 23 
Cu 53 56 224 57 54 73 1 27 
Zn 88 153 138 107 427 133 44 859 
Sr 640 430 591 612 825 615 345 721 
8. 14 8 64 23 60 	. B 111 12 
Zr 256 260 478 258 422 254 696 307 
8. 50 38 79 44 68 42 96 55 
0. 451 304 790 383 1364 544. 422 585 
Pb - 1 3 2 4 27 11 62 
Th 4 3 7 2 7 3 20 4 
La 36 32 54 34 59 34 12 47 
C. 80 67 123 72 112 72 138 100 
Nd 35 32 53 32 46 32 39 43 
1 27 31 35 26 28 . 	 24 34 27 
8 - - - - - - 4.17 - 
N. 0.96 - - - - 0.80 - - 
En - 1.29 1.83 1.62 0.95 - 1.04 2.82 
F. - 1.06 . 	 1.95 0.89 0.93 - 3.42 1.87 
Co. 6.38 3.13 0.05 3.84 1.50 4.97 - 0.02 
Ci. 3.59 2.57 0.05 2.11 1.46 3.55 - 0.24 
Co. 10.54 5.89 0.09 6.30 3.02 8.87 - 0.62 
Fe 13.49 7.70 4.43 14.23 5.63 12.56 - 12.00 
F. 8.35 6.98 5.20 8.63 6.07 9.88 - 8.84 
Or 3.94 2.59 20.24 6.96 16.71 3.44 21.99 8.14 
An 24.00 20.28 19.70 24.20 23.22 25.08 2.42 25.51 
Lb 15.40 37.36 37.05 20.10 30.28 16.00 62.91 23.90 
Pit 2.38 2.11 1.41 2.28 1.64 2.71 0.49 2.19 
11 5.56 4.90 3.37 4.86 4.25 6.36 0.51 6.06 
C - - 0.31 - - - 0.65 - 
Ap 1.2B 1.07 1.30 1.10 1.40 1.48 0.21 1.70 
0.1. 20.30 39.95 57.29 26.97 46.99 20.24 89.09 32.03 
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48.37 64.04 51.21 
CP143 	144 	CP145 	INi. 	81146 	81147 	81148 	81149 
S100 46.03 	44.30 	44.97 	54.62 	47.91 	45.83 	61.79 	48.19 
T102 2.87 3.36 2.03 1.21 2.69 2.16 2.93 2.63 
*1203 14.62 	15.33 	14.13 	18.10 	17.77 	12.46 	16.98 	17.47 
F.203 13.21 13.54 13.04 1.54 11.29- 13.20 11.16 10.74 
Iii 	0.30 	0.25 	0.51 	0.35 	0.15 	0.18 	0.48 	0.29 
l 6.92 8.38 9.90 2.45 4.73 11.23 5.07 4.64 
CaO 	9.19 	4.06 	8.16 	4.09 	3.46 	10.62 	6.58 	7.39 
8.20 2.49 3.65 1.88 4.31 3.38 2.42 3.57 3.65 
820 	1.28 	1.61 	1.11 	3.69 	4.18 	0.55 	1.79 	1.83 
P205 0.60 0.63 0.34 0.43 0.70 0.31 0.63 0.62 
1.01 	rid 	6.46 	4.65 	rid 	2.64 	rid . 	2.24 	rid 
total. 97.52 	101.38 	100.73 	96.86 	98.86 	98.55 	99.22 	97.64 
NI 	211 	274 	329 	- 	19 	178 	16 	B 
Cr 247 384 392 2 16 698 20 6 
V 	247 	295 	218 	13 	131 	284 	147 	195 
• Sc 22 29 21 5 15 . 	33 16 14 
Cu 	58 	58 	57 	.. 	5 	60 	174 	25 
Zn 119 204 185 58 2404 97 807 113 
• 	 Sr 	633 	349 	345 	544 	509 	404 	656 	847 
8. 25 30 20 46 49 6 37 43 
Zr 	258 	311 	202 	325 	362 	181 	281 	300 
8. 43 50 •- 36 64 56 21 45 53 G. 
	449 	537 	345 	79-1 	689 	320 	1638 	597 
Pb 6 9 2 10 21. 	2 3. 10 
Th 	5 	5 	3 	15 	6 3 	. 	2 	 9- 
La - 39 41 - 	28 65 46 	26 37 43 
C. 	83 	- 89 	51 	138 	104 50 	- 92 	99 
Nd 39 43 23 ' 61 45 	- 24 45 43 
7 	28 	33 	24 	39 	32 24 	33 	32 
• 	 0 	- 	- 	- 	0.21 	- 	- 	- 	- 
N. - - - - - - 0.79 - - 
En 	4.51 	4.21 	8.25 	6.11 	1.50 	- 	3.75 	1.31 
F. 	3.60 2.69 5.12 8.80 1.42 - 3.33 1.23 
Can 	3.51 	- 	2.64 	- 	- 	7.09 	0.50 	1.19 
Cl. 	3.01 - 1.74 - - 3.81 0.67 1.33 
two 	7.00 	- 	4.77 	- 	- 	11.74 	1.47 - 2.82 
F. 	6.28 11.67 9.54 - 7.20 	14.52 5.69 	6.19 
F. 	5.53 	8.21 	6.53 	- 	7.49 8.42 	5.57 6.36 
QT 	7.55 9.53 6.56. 21.92 	24.71 	3.27 10.57 	10.84 
- An 24.94 	16.02 	2684 	17.51 . 12.60 21.50 	25.01 25.87 
AL 21.06 29.18 15.89 36.45 	28.57 	19.00 30.24 	. 30.86 
PIt 	2.27 	2.33 	2.24 	1.30 1.93 2.27 	1.92 1.85 
II 	5.46 6.39 3.86 2.41 	5.11 	4.10 5.57 	4.99 
C - 	2.03 . 	. - 	0.60 . 	3.01 - 	- 	- - 
A. 	1.35 1.46 0.79 0.99 	1.62 	0.73 1.46 1.43 
0.1. 28.61 	38.72 	22.46 	58.48 	53.28 	23.06 	40.81 	41.70 
- An 	54.21 35.44 . 62.81 32.45 30.61 53.10 45.27 45.60 
Cl. 
81150 KTIS1 81152 81133 81154 81155 ET1SE KT157 
Si92 48.07 51.29 52.60 61.82 61.77 43.62 47.90 46.34 
1402 2.95 2.09 2.04 0.56 0.33 2.93 3.03 1.16 
*1203 16.89 16.76 16.86 18.11 17.18 15.43 15.34 17.01 
.203 11.72 10.62 10.96 4.31 5.15 14.93 11.63 12.61 
"nO 0.49 0.24 	. 0.16 .0.05 0.08 0.07 0.16 0.19 
4.27 3.74 2.55 0.97 0.73 6.49 3.45 7.35 
0.0 6.56 2.44 2.16 1.87 1.30 5.77 7.56 9.95 
1b20 3.83 3.43 3.36 4.74 5.15 1.64 3.77 2.32 
820 1.93 3.56 6.52 5.57 5.77 1.22 1.33 0.34 
P235 0.65 0.85 0.69 0.18 0.07 0.51 0.53 0.11 
LOT 1.64 2.20 nd nd nd 6.63 3.29 nd 
t.tal. 99.00 99.21 97.90 98.19 97.S4 99.25 99.11 WAS 
Ni 14 14 15 5 6 15 14 121 
C  15 12 11 5 4 14 15 35 
V 136 75 75 9 - 159 163 246 
Sc 17 16 11 4 5 16 14 31 
Cu 468 26 9 - - 15 17 101 
Zn 705 1147 125 145 88 441 95 76 
Sr 681 386 366 323 143 536 941 166 
Ph 41 57 73 120 112 20 60 6 
Zr 298 461 400 556 759 285 296 89 
N. 47 51 59 '69 02 45 46 4 
Ba 495 745 682 1683 1235 1267 564 114 
Pb 3 5 17 10 10 6 3 - 
Th 4 6 7 13 9 3 5 - 
La 42 63 91 59 68 .37 44 6 
co 92 134 162 119 149 92 95 9 
Nd 42 64 79 47 59 38 43 7 
Y 36 41 44 35 40 32 31 	. 28 
B - - - 5.67 3.04 1.73 - 
En 1.53 3.18 1.17 2.42 1.81 16.19 0.19 5.34 
F. 1.72 3.90 2.16 5.03 6.59 15.58 0.24 4.20 
Can 0.74 - - - - - 2.21 3.02 
Cf. 1.11 - - . - - - 3.09 2.41 
C.. 2.12 - - - - - 5.49 5.68 
F. 5.69 4.29 3.64 - - - 4.22 7.97 
F. 7.05 5.01 7.44 - - - 6.01 6.91 
Or 11.37 32.07 38.52 32.93 34.11 7.23 11.39 1.99 
An 23.20 6.52 6.19 9.08 5.98 25.28 20.87 35.01 
Lb 32.42 29.04 28.43 40.15 43.60 13.84 31.90 19.65 
Mt 2.01 1.03 1.88 0.74 0.88 2.57 2.00 2.17 
11 5.60 3.96 3.88 1.06 0.63 5.57 5.76 2.20 
C - 2.70 2.01 1.31 0.26 2.15 - - 
Ap 1.52 1.97 1.60 0.42 0.17 1.18 1.23 0.26 
0.1. 43.79 61.91 66.95 78.75 80.75 22.80 43.29 21.63 
A.0 41.71 19.34 17.88 16.75 12.06 64.62 39.55 64.05 
81158 81160 81161 81162 81163 87164 81165 81169 
SUQ 65.35 44.71 46.91 49.13 46.86 59.50 60.37 51.80 
7402 2.41 2.63 3.15 3.32 2.96 0.92 0.81 2.23 
*1203 15.47 13.73 16.56 17.49 16.94 16.40 16.21 16.52 
F.203 10.80 14.59 13.00 12.18 12.46 6.25 8.34 9.80 
*iO 0.21 0.18 0.29 0.10 0.24 0.04 0.08 0.09 
5.06 8.15 4.78 2.45 4.72 . 	 1.59 0.35 2.92 
0.0 6.41 10.33 6.53 3.76 7.32 0.64 0.88 5.85 
8.20 2.35 2.19 3.88 3.43 3.47 2.39 2.28 4.33 
820 4.69 0.89 1.51 4.89 1.69 9.64 6.54 2.80 
P235 0.57 0.37 0.62 0.66 0.71 0.37 0.30 0.92 
101 6.07 rid 1.53 rid 1.79 rid 2.31 1.38 
total. 99.40 97.77 99.76 97.41 99.17 97.74 98.54 98.82 
Na 181 143 17 15 20 5 6 14 
Cr 329 302 16 16 31 4 6 15 
V .224 338 197 215 181 21 6 90 
Sc 28 30 18 20 19 11 9 13 
Cu 24 32 21 26 33 17 6 10 
Zn 437 100 100 143 136 158 84 101 
Sr 398 483 710 574 751 71 147 665 
Ab 41 23 32 46 33 . 131 83 50 
Zr 315 207 245 259 293 549 412 .425 
N. 52 32 36 38 46 64 66 51 
8. 432 331 411 476 483 732 970 787 
Pb 4 - S. 16 7 9 3 5 
Iii. 4 2 4 4 6 .12 5 4 
La 45 26 36 38 39 53 78 57 
C. 94 61 80 84 91 116 132 124 
Nd 39 27 38 37 42 50 54 57 
7 31 27 29 30 32 47 39 39 
0 - - - - - 2.79 16.06 - 
N. 4.27 - - 0.10 - - - - 
En - 0.70 0.62 - 1.48 3.35 0.86 3.59 
F. - 0.61 0.67 - 1.57 7.03 10.14 4.02 
Con 1.99 5.24 0.76 - 0.94 - - 0.69 
Cf. 1.95 4.21 1.08 - 1.28 - - 1.35 
C.. 4.30 9.95 2.11 - 2.53 - - 2.35 
F. 7.27 9.88 7.22 4.27 6.36 - - 1.89 
F. 7.04 9.49 8.67 8.69 7.45 - - 2.80 
Or 27.74 5.27 8.93 28.88 9.96 56.95 38.67 16.53 
An 17.80 25.00 23.30 14.34 25.64 0.80 2.02 17.38 
Lb 12.03 18.52 32.83 28.91 29.40 20.25 19.29 36.62 
Ht 1.86 2.51 2.23 2.09 2.14 1.07 1.43 1.68 
II 4.59 5.00 5.99 6.31 5.62 1.75 1.54 4.23 
C - - - 1.31 - 1.74 4.64 - 
Ap 1.31 0.86 1.64 1.53 1.65 0.85 0.84 2.12 
D.I. 44.04 23.79 41.76 57.79 39.36 79.99 74.03 53.16 
AnS 59.67 57.44 41.51 33.22 46.59 3.79 9.50 32.19 
307 
87170 87171 81172 81173 81174 87175 KTITS 81177 
SiO2 48.97 44.88 45.26 45.73 44.95 52.26 54.42 45.12 
Tt02 2.26 2.13 2.15 2.51 2.20 2.28 1.42 2.82 
£1203 18.52 12.46 12.73 15.17 12.83 14.45 14.27 14.73 
F.203 10.94 13.50 13.35 11.77 13.30 12.65 10.25 12.35 
Ib 0.12 0.18 0.18 0.29 0.22 0.17 0.10 0.07 
40 2.99 11.17 10.30 7.47 9.99 3.23 2.47 7.94 
C.O 7.17 10.63 10.65 7.94 10.45 5.63 4.51 7.74 
N.20 4.06 1.56 1.65 2.53 1.44 3.68 2.77 2.77 
O 1.72 0.84 0.91 1.72 0.64 2.26 3.56 1.05 
P205 0.65 0.27 0.28 0.58 0.29 0.53 0.46 0.63 
1.01 rid ,sd rid 2.83 3.53 2.37 5.39 3.81 
total- 97.41 97.60 97.48 99.54 99.83 99.50 99.62 99.05 
Ni 20 152 138 206 162 11 10 153 
Cr 22 362 350 316 327 II 6 ' 	 192 
V 121 315 318 259 337 124 29 238 
Sc 16 33 33 24 33 - 	 16 13 24 
Cu 11 39 34 83 26 31 35 6 
Zn 55 93 ' 99 113 99 148 198 109 
Sr 860 319 353 655 319 343 173 728 
lb 37 18 21 39 10 63 87 IS 
Zr 244 164 174 318 167 364 452 297 
Mb 36 23 24 51 24. 45 54 50 
Ba '570 -238 248 512 232 . 	 433 288 564 
Pb 3 1. 1 I - '4 5 17 
Th • 2 1 3 6 3 9 9 - 3 
La 34 21 22 46 24 43 51 47 
co 03 45 ' 	 45 94 44 99 112 100 
• 	 I .38 21 21 41 21 46 48 46 
• ' 	
, 	 1 28 24 24 28 24 43 46 .29 
B - - - . 	 - - 2.37 8.01 
• 	 En 1.36 3.94 4.42 6.24 9.68 6.76 5.66 5.72 
F. .2.07 2.15 2.57 4.15 5.77. 11.53, 10.80 3.54 
Can 0.48 6.62 6.47 2.28 5.65 1.13 0.37 2.06 
Cf. '1.04 3.69 3.84 1.69 3.45 2.20 ' 	 ' 	 0.95 1.45 
C.. 1.71 11.04 11.02 4.44 9.74 3.43 1.41 4.01 
• 
. 	 F. . 3.79 12.00 10.25 6.89 6.60 - ' 	 - 8.21 
F. 6.37 7.21 6.57 5.05 4.34 - - 5.60 
Or 10.16 4.98 5.40 10.15 3.79 13.34 21.03 6.19 
An 27.26 24.51 24.62 24.95 26.64 16.27 15.97 24.64 
Lb 34.33 13.18 13.96 21.44 12.21 31.10 23.46 23.47 
Nt 1.88 2.32 2.29 2.02 2.28 2.17 '1.16 2.12 
11 4.29 4.04 4.09 4.77 4.18 4.34 2.70 ' 	 5.36 
A. 1.50 0.62 0.65 1.35 0.67 123 1.07 1.47 
0.1. 44.49 18.16 19.36 31.59 16.00 46.81 52.50 28.66 
Ai 44.26 68.02 63.81 53.78 68.57 34.34 40.51 51.22 
81178 87179 ETIBO 81181 81102 81183 81187 81108 
SiO2 44.63 57.11 Be44. 47.31 44.92 62.05 51.69 44.41 
1192 2.64 1.31 3.23 3.25 3.11 0.69 1.73 2.56 
£1203 14.11 16.96 17.40 16.76 15.10 16.51 17.55 14.20 
F.203 13.85 8.38 11.71 11.95 13.43 5.68 7.98 13.27 
N.0 0.26 0.06 0.10 0.52 0.19 0.14 0.21 0.19 
N) 7.69 1.56 7.39 4.08 6.73 0.65 4.85 7.66 
tao 8.78 3.19 . 	 6.82 8.58 10.04 2.70 10.36 7.68 
1b20 2.47 4.90 2.69 3.10 2.39 5.00 3.44 3.10 
1.21 3.91 1.10 1.38 0.75 4.36 0.74 1.58 
P205 0.51 0.62 0.40. 0.50 0.37 0.24 0.22 0.57 
1.01 3.04 rid 3.93 rid 3.03 rid, rid 4.01 
total- 99.20 98.00 99.66 97.42 100.05 .98.04 98.76 99.25 
Mi 198 5 44 23 92 4 79 - 	 142 
Cr 285 4 26 8 202 5 302 222 
V 246 11 	, 321 281 326 - 241 223 
Sc 22 13 26 23 . 	 27 8 30 18 
Cu 18 1 ' 	 5 . 	 85 27 3 69 39 
Zn 115 139 725 221 100 99 105 
, 
96 
Sr 623 449 614 668 591 308 460 550 
lb Zr 27 89 21 27 . 	 12 127 9 37 
, 	 249 503 ' 184 210 ' 207 581 169 ' 	 275 
Mb 42 73 27 33 
- 
33 76 22 46 
Da . 	 453 784 361 408 360 834 311 502 
-Pb 3 15 ' 	 8 - - 11 2 2 
• Th , 	4 9 2 3 1 13 2 5 
La . 	 37 72 22 26 25 58 . 	 20 41 
C. 80 155 54 62 54 122 40 93 
Nd 35 67 28 33 ' 	 27 48 21 ' 	 39 
7 29 50 29 28 26 39 25 31 
B - 2.00 - - - 7.52 0.47 - 
N. - - - - •- - - 2.26 
En 1.90 3.88 9.33 4.52 3.40 1.45 7.40 - 
F. 1.48 9.33 4.87 ' 	 5.26 2.73 6.08 5.14 - 
Con 3.49 - - 2.03 4.14 0.14 4.57 3.02 
Cf. 2.90 - - 2.57 3.45 0.76 3.24 2.42 
Cu. 6.84 - - 4.82 8.01 0.98 8.25 5.92 
F. 9.49 - 7.06 2.40 6.35 - - 11.09 
F. 8.16 - 4.55 3.09 5.62 - - 9.06 
Or 7.16 23.12 6.51 8.15 4.42 25.75 4.38 9.34 
An 23.84 11.76 31.20 27.74 28.25 8.73 30.24 20.15 
Lb 20.88 41.44 22.74 '26.21 20.26 42.34 29.12 22.07 
Nt 2.38 1.44 2.01 2.05 2.31 0.98 1.37 2.28 
11 5.01 2.50 6.14 6.17 5.90 1.31 3.29 4.87 
C - 0.36 0.36 - 
- 
- - - 
A. 1.19 1.'.) 0.94 1.16 • 	 0.85 '0.56 0.50 • 1.33 
0.1. 28.04 66.56 29.24 34.37 24.68 -- 75.62 33.98 33.68 
AnS 53.31 22.11 57.84 51.42' 58.24 18.68 50.94 47.73 
C1011 
97199 97198 91191 97199 91199 *261 FIll F195 
9199 43.19 47.43 51.70 44.14 46.21 45.11 46.12 44.59 
TiO2 2.94 1.51 2.12 2.78 2.60 1.17 1.86 2.43 
*1203 13.79 14.68 17.67 13.49 15.16 16.71 14.27 14.12 
F.203 14.01 11.74 9.90 13.93 13.42 13.23 11.47 11.59 
0.18 0.12 0.13 0.34 0.19 0.19 0.22 0.19 
40 9.25 9.42 3.37 9.19 6.43 8.36 9.19 9.11 
Ca0 9.03 7.20 3.74 9.28 8.91 9.75 8.60 10.13 
N.20 2.12 2.97 3.94 2.21 2.41 2.23 2.25 1.60 
0 1.33 0.90 4.71 1.07 1.34 0.15 0.93 1.56 
P295 0.47 0.21 0.49 0.48 0.44 0.10 0.33 0.55 
LOl 2.93 3.15 2.54 2.53 2.29 iid 3.16 3.01 
total. 99.23 99.33 99.33 99.35 99.41 97.00 98.40 99.47 
91 307 222 25 301 85 128 291 240 
Cr 380 431 11 357 106 29 565 361 
V 281 186 156 290 272 253 247 263 
Sc 27 23 20 23 22 32 30 28 
Cu 14 23 11 40 51 119 59 58 
Zn 424 93 82 143 108 77 138 79 
Sr 581 324 450 625 473 155 343 654 
Rb 21 23 65 19 34 2 18 35 
Zr 239 156 375 234 196 68 146 229 * 42 20 54 42 30 1 26 49 
an 427 299 1 695 435 351 55 140 871 
Pb 13 - 27 - 2 - - I 
Th 4 2 7 4 5 - - 3 
La 32 17 53 34 31 2 19 39 
co 72 35 109 73 64 4 43 77 
Nd 33 16 47 34 30 5 20 33 
7 21 21 28 25 26 29 23 27 
No 0.61 - 0.49 - - - - - 
En - 6.67 - 1.15 5.53 4.94 8.73 3.29 
F. - 3.88 - 0.75 4.93 3.89 4.93 1.64 
Con 4.07 2.46 - 4.41 2.98 2.79 3.49 4.93 
Cf. 2.70 1.49 - 3.00 2.82 2.23 2.06 2.59 
C.. 7.34 4.27 - 8.00 6.14 5.24 6.03 8.30 
8. 13.13 9.91 5.99 11.99 5.13 9.15 7.36 11.00 
F. 9.12 6.40 6.94 8.56 5.05 7.94 4.59 6.05 
Or 7.08 5.34 27.83 6.35 7.91 0.88 5.49 9.23 
An 24.16 24.09 15.35 23.73 26.61 35.13 26.07 26.75 
An 16.70 25.09 32.45 19.68 20.38 18.86 19.07 13.50 
Nt 2.41 2.02 1.53 2.38 2.31 2.27 1.97 1.99 
Al 5.59 2.87 4.02 5.29 4.95 2.22 3.54 4.61 
C - - 0.46 - - - - - 
Ap 1.08 0.50 - 1.15 1.11 1.03 0.24 0.76 1.29 
D.J. 25.25 30.42 60.78 25.02 28.29 19.74 24.56 22.73 
Ai 59.12 48.98 32.11 55.96 56.64 65.07 51.75 66.47 
F196 F197 F198 F199 P200 F201 F202 P203 
3199 46.56 46.40 43.05 44.32 45.90 45.36 44.08 45.02 
T199 2.02 1.93 2.53 2.62 2.16 1.98 2.38 2.67 
£1203 14.66 14.09 13.49 13.92 14.06 12.95 14.15 14.95 
P.203 11.54 11.60 12.72 1276 11.23 11.74 12.13 11.36 
II 0.24 0.21 0.34 0.22 0.27 0.24 0.24 0.40 
pw 9.25 9.65 9.71 9.48 9.02 11.90 8.11 7.96 
Ca0 8.61 9.33 10.97 9.54 10.35 8.05 9.41 10.33 
9.20 2.29 2.09 1.34 2.19 2.10 2.22 3.28 1.91 
920 1.05 1.01 1.36 1.58 1.22 1.06 0.95 1.69 
P295 0.39 0.31 0.59 0.58 0.45 0.35 0.60 0.62 
1.01 2.88 3.00 3.52 2.96 2.81 4.56 3.56 3.03 
total= 99.49 99.68 99.62 99.97 99.58 100.31 99.16 99.95 
Ml 273 287 327 238 387 301 294 211 
Cr 548 521 675 412 560 470 450 368 
V 265 232 282 257 272 246 264 259 
Sc 34 29 27 25 31 29 27 24 
Cu 64 65 10 58 82 38 52 55 
Zn 167 94 204 95 116 88 90 80 
Sr 411 399 665 665 480 313 533 721 
20 20 31 35 26 21 18 34 
Z  175 165 203 216 187 158 250 272 * 33 31 51 50 39 29 53 55 
9. 325 304 746 812 458 449 656 1145 
Pb - - - - - 3 1 - 
Th 3 2 4 5 4 3 4 6 
La 23 23 41 31 28 23 40 46 
C. 51 54 83 80 61 43 97 93 
Nd 23 24 36 36 29 22 36 38 
V 23 24 28 26 25 23 28 30 
N. - - - 1.42 - - 4.42 - 
En 8.23 7.51 0.99 - 2.55 5.04 - 1.35 
F. 4.51 4.06 0.56 - 1.38 2.25 - 0.80 
Con 3.27 4.38 5.11 4.84 5.69 3.96 5.03 4.67 
Cl. 1.92 2.46 3.41 2.91 3.20 1.85 3.31 2.95 
C.. 5.69 7.44 9.94 8.48 9.65 6.42 9.06 8.35 
Fe 7.95 8.38 12.06 12.95 9.83 14.16 10.54 9.46 
F. 4.86 4.99 7.56 9.12 5.88 6.97 7.23 6.19 
Or 6.19 5.97 9.02 9.33 7.19 6.29 5.61 10.00 
An 26.60 26.08 26.74 23.20 25.31 22.23 21.09 27.23 
lb 19.41 17.71 11.36 15.94 17.81 18.76 19.59 16.16 
Nt 1.98 1.99 2.19 2.19 1.93 2.02 2.08 1.95 
II 3.84 3.88 4.81 4.98 4.10 3.77 4.90 5.07 
Ap 0.89 0.85 1.38 1.35 1.03 0.82 1.39 1.44 
0.1. 25.60 23.68 19.38 26.69 25.00 25.05 29.62 26.17 





















































































P204 P205 P206 P201 P209 P210 P211 P212 
5102 44.91 47.49 45.18 45.95 44.56 45.73 45.66 44.82 
T402 2.62 1.30 1.52 1.92 2.08 1.67 1.93 2.02 
41203 14.42 14.12 14.15 14.1* 13.31 13.21 14.68 14.51 
P.203 11.15 12.23 12.82 *3.02 12.46 11.16 12.26 *0.35 
Ib 0.24 0.14 0.13 0.22 0.18 0.29 0.19 0.33 
8.44 8.96 11.02 8.47 11.05 11.27 8.70 7.65 
CaO 9.18 8.72 7.26 9.06 7.83 8.62 1.07 11.07 
11.20 3.54 2.68 2.39 2.31 2.17 2.11 3.06 2.21 
IQO 0.87 0.61 0.66 0.93 1.05 0.97 0.81 1.11 
P205 0.61 0.20 0.20 0.30 0.34 0.28 0.27 0.33 
101 3.33 3.56 4.15 3.36 4.31 4.63 4.36 4.15 
total= 99.31 100.21 99.47 99.60 99.41 99.93 98.98 99.16 
Ni 205 342 205 220 319 319 153 256 
Cr 373 652 457 488 486 654 356 543 
V 253 211 229 232 222 217 238 271 
Sc 27 25 28 26 29 27 26 31 
Cu - 49 *4 57 62 78 52 61-- 46 
Zn *09 101 85 lBS 78 101 103 355 
Sr 573 243 215 359 344 322 . 	 243 405 
Ba 11 *2 11 19 20 21 15 25 
Zr 271 96 103 . 	 143 154 122 123 149 
N. '53 ' 	 16 15 26 28 24 21 32 
9. 695 203 201 311 381 482 290 381 
Pb -.2 -- - 3 - - 
Th 4 - 	 2 2 3 4 2 1 3 
La 44 11 12 18 21 15 14 22 
C. 91 21 22 36 45 34 28 46 
Rd 39 11 11 *7 22 16 15 21 
7 29 ' 22 24 23 25 20 22 24 
N.. 4.21 	, ' 	 - - - - - - 0.93 
En - 	 ' 7.54 7.19 , 	 4.66 5.09 6.36 3.95 - 
F. - 4.87 3.97 3.30 ' 2.56 2.93 2.52 - 
Con 5.00 4.07 2.14 4.06 3.23 4.47 2.16 6.26 
Cf. 2.84 - 2.69 1.23 . 	 2.97 1.71- 2.12 1.46 4.09 
,C.. 8.63 7.19 3.67 7.46 , 	 5.43 1.20 3.92 11.02 
F. 11.03 7.44 12.62 9.57 13.34 11.98 10.81 9.85 
F. 6.52 5.29 7.68 6.69 7.39 6.08 7.60 6.23 
Ui 5.12 3.59 3.88 5.48 6.21 5.76 4.77 6.56 
An 20.91 24.71 25.93 25.12 23.62 23.71 23.94 26.38 
An 22.15 22.69 20.24 20.08 18.38 17.85 25.90 17.18 
Nt 1.92 2.10 2.20 2.24 2.14 1.92 2.11 1.88 
11 4.97 2.84 2.89 3.64 3.95 3.17 3.66 3.84 
Ap 1.42 0.48 0.46 0.69 -0.79 0.65 0.62 0.77 
0.1. 31.48 26.27 24.12 25.56 24.59 23.60 30.67 24.58 
AnU 49.55 52.13 56.17 55.58 56.24 57.05 49.04 60.55 
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F222 8224 8225 8225 8227 I2S 031 cm 
S192 42.28 44.43 46.24 45.13 45.72 41.09 50.48 51.22 
Tt02 1.50 3.77 3.24 3.59 3.42 2.81 2.90 2.64 
£1203 16.68 15.37 14.91 16.05 15.66 14.68 14.84 15.59 
F.203 10.37 13.12 12.75 15.32 13.78 13.53 11.49 11.63 
0.14 0.11 0.06 0.10 0.10 0.16 0.20 0.17 
N1 6.21 7.16 10.33 4.85 5.11 6.42 5.71 3.85 
Ca0 9.55 6.65 2.33 6.88 1.90 7.12 7.82 6.52 
9420 3.35 2.54 2.71 3.18 3.07 3.13 3.15 3.41 
820 0.57 0.07 0.87 1.42 1.38 1.22 1.46 1.89 
P285 0.20 0.51 0.48 0.55 0.54 0.65 0.61 8.70 
10! 8.54 4.43 5.25 1.84 1.95 2.48 nd nd 
total= 89.43 98.97 99.14 98.91 98.63 99.28 - 98.63 97.63 
Ni 182 123 185 72 73 113 127 73 
Cr 422 103 192 73 70 116 148 05 
V 230 230 227 192 196 132 218 165 
Sc 36 26 28 22 20 16 24 24 
Cu 63 25 23 14 17 50 123 10 
2. 107 89 245 68 68 128 148 180 
S, 225 477 175 601 590 495 435 471 
Rb 9 13 16 28 26 22 39 43 
Zr 93 241 223 204 269 306 368 489 
Nb 14 28 25. 37 35 36 40 . 	SO 
94 115 283 .222 399 384 914 348 433 
Pb - 11 12 8 4 - 2 a 
lb - 2 2 3 1 1 3 5 
La 11 21 16 26 27 30 36 43 
C. 25 51 39 70 66 68 75 95 
Nd 16 28 22 35 34 37 41 49 
V 22 28 25 30 29 33 35 46 
O - - 2.62 - - - 0.70 2.10 
N. 5.67 - - - - - - - 
En - .12.66 25.72 2.61 2.81 7.44 11.33 8.39 
F. - 0.39 12.07 3.26 2.93 6.54 8.93 10.29 
Con 3.89 0.16 - 0.77 1.97 1.62 2.62 0.94 
Cf. 3.05 0.26 - 1.20 2.26 1.66 2.27 1.46 
C.. 7.29 0.69 - 2.18 4.51 3.64 5.33 - 2.67 
F. 8.05 ' 	3.34 - 5.95 5.43 4.61 - - 
F. 6.81 2.44 - 8.19 6.24 4.52 - - 
Or 3.35 5.16 5.15 8.41 8.14 7.22 8.62 11.16 
An 28.00 21.98 8.44 25.30 24.87 22.37 22.06 21.30 
Lb 17.87 21.46 22.91 26.92 25.99 26.52 26.63 29.37 
-'Nt 1.19 2.26 2.19 2.63 2.37 2.32 1.87 2.00 
11 2.85 7.17 6.15 6.82 6.49 5.33 5.50 5.92 
C - - 6.42 - - - - - 
Ap 0.47 1.19 1.10 1.28 1.24 1.50 1.40 1.62 
0.1. 29.90 26.92 30.68 35.33 34.14 33.73 35.95 42.63 
AnS 61.71 56.60 26.92 48.45 48.90 45.76 45.30 42.13 
8233 cP234 cP236 CP237 CP238 CP CP240 CP241 
Si92 42.82 43.71 46.75 51.07 49.36 45.22 49.95 46.84 
7102 3.62 2.63 2.88 1.51 1.58 2.65 3.33 3.28 
A1203 15.04 14.86 16.90 16.07 15.71 11.06 14.60 15.26 
F.203 12.29 14.57 12.86 11.87 12.50 13.15 13.85 13.61 
Ibd) 0.10 0.23 0.27 0.25 0.21 0.19 0.20 0.25 
ISV) 7.35 3.25 2.77 1.81 1.83 3.98 2.96 3.44 
C.0 6.50 8.73 8.09 5.40 5.76 10.88 6.99 8.83 
9420 2.88 2.83 3.80 4.40 4.14 2.48 3.79 3.35 
820 1.32 1.11 1.28 2.16 2.55 0.83 1.09 1.30 
P285 0.61 0.42 0.50 1.11 0.81 0.34 0.55 0.51 
101 6.83 6.94 3.53 3.42 4.23 2.55 1.91 2.37 
total= 99.36 89.28 89.64 99.18 98.67 99.33 99.17 99.05 
Ni 133 62 12 3 4 34 5 6 
Cr 172 - 	48 9 4 4 69 6 7 
V 211 - 	213 133 8 4 317 212 243 
Sc 26 22 13 12 12 27 24 23 
Cu 10 28 21 11 II 38 13 13 
Z. 111 82 101 192 32 103 106 - 128 
Sr 341 539 719 410 590 492 430 431 
94 17 23 24 50 57 18 22 30 
Zr 400 214 243 465 457 180 286 274 
94 35 29 31 58 63 24 41 38 
8. 182 317 412 566 754 255 374 340 
Pb 9 2 4 6 4 - - 	1 3 
Th 2 2 1 7 5 1 - 3 3 
1. 32 23 26 55 57 22 29 30 
C. 76 54 63 128 132 41 77 69 
lid 41 27 32 61 64 23 37 34 
- V 36 26 30 51 47 25__ . ____ 35______36 
9 - - - 0.50 - - 2.33 - 
En 2.98 1.59 0.00 4.30 1.42 1.91 5.67 1.73 
F. 1.78 3.12 0.01 13.59 6.14 2.66 10.54 2.73 
Can 0.73 2.20 1.57 - 0.52 3.20 1.69 2.91 
Cf. 0.60 4.54 3.26 0.61 1.68 4.59 3.15 4.60 
C.. 1.70 6.68 4.85 0.76 2.07 7.84 4.73 7.41 
Fe 10.03 2.93 3.64 0.01 1.50 3.31 - 2.76 
F. 6.59 6.35 7.68 0.04 5.36 5.10 - 4.81 
Or 7.80 6.54 7.56 12.74 15.07 4.92 6.46 7.68 
An 24.23 24.56 25.28 17.71 16.78 32.96 19.78 22.74 
Lb 24.34 23.96 32.45 37.24 34.99 20.98 31.72 29.37 
Mt 2.11 2.51 2.21 2.06 2.15 2.26 2.38 2.34 
II 6.88 5.00 5.48 2.87 2.89 5.02 6.32 6.23 
C - - - 0.10 - - - - 
Ap 1.40 0.97 1.16 2.58 2.43 0.80 1.27 1.19 
0.1. 32.14 30.50 39.70 50.48 50.06 25.90 40.51 36.05 
AnI 49.89 50.62 44.02 32.23 32.41 61.11 38.41 44.49 
311 
243 244 CP24S CP246 cP248 CP249 CP2SO CP252 
Si02 57.41 43.68 47.80 43.33 52.53 45.67 43.13 43.27 
7498 1.16 3.05 1.65 2.32 1.48 3.19 2.94 2.79 
£1203 17.51 16.94 16.76 16.15 16.12 16.45 16.35 15.29 
P.203 9.57 11.99 10.88 12.75 9.74 12.99 13.72 14.49 
rea 0.10 0.75 0.17 0.37 0.14 0.22 0.27 0.17 
0.54 4.08 1.42 1.41 0.80 2.62 2.87 3.83 
6.0 1.09 9.97 7.06 10.11 6.52 9.08 8.18 10.69 
1b20 5.62 3.20 4.34 3.66 4.50 3.48 3.55 2.60 
I0 2.20 0.76 2.74 1.60 2.08 1.24 1.17 1.03 
P205 0.50 0.47 0.85 1.04 1.08 0.51 0.80 0.44 
LOX 1.87 4.58 5.14 6.19 4.14 3.74 5.99 4.97 
t.taI. 99.37 99.46 99.01 98.93 99.12 99.19 98.98 99.57 - 
Ni 5 20 4 14 4 14 4 83 
Cr 5 33 5 9 4 10 6 68 
V 3 273 - 71 3 151 72 204 
Sc 15 29 13 18 .11 17 17 21 
Cu 3 42 11 24 10 22 18 33 
Zn 190 226 150 185 64 126 134 97 
Sr 274 492 
• 
608 497 405 648 623 530 
all. 42 15 53 30 49 21 20 21 
Zr . 	 599 223 496 354 476 245 356 211 
IL 70 31 70 47 59 32 . 	 46 29 
9. 730 275 786 436 615 401 433 305 
• 	 Pb 5 3 - - 5 5 8 -. 
Th .8 1 7 2 5 .2 3 2 
1. 59 1 	 26 62 43 55 25 41 23 
C. 129 59 140 101 131 62 95 57 
"d 
59 30 68 51 62 33 50 29 
• 	 . 	 V 46 31 50 46 54 31 40 27 
• 	 0 7.76 - - - 2.90 - - - 
N. - 2.37 .4.04 .5.76 - 0.52 1.87 1.61 
En 1.35 - . 	 . 	 - - 1.47 - - 
F. 11.26 - - - 8.12 - - 
C.r, - 3.11 1.09 1.81 0.53 2.33 1.45 3.76 
Cf. - 3.88 3.93 7.31 2.93 4.57 2.90 6.07 
Cv. - 7.02 4.72 8.54 3.19 6.72 4.23 9.70 
F. - 4.93 1.72 1.20 - 2.94 3.99 6.04 
F. - 6.78 6.01 5.31 - 6.35 8.80 7.20 
Or 12.99 4.47 16.21 9.43 12.28 7.35 6.93 6.10 
An 6.09 29.61 18.16 22.90 17.64 25.62 25.19 26.98 
Lb 47.53 22.73 29.27 20.35 38.09 28.45 26.61 19.05 
Mt 1.65 2.06 1.07 2.19 1.67 2.23 2.36 2.49 
11 2.20 5.78 3.13 4.40 2.81 6.06 5.59 5.31 
C 3.66 - - - - - - - 
Ap 1.16 1.08 1.97 2.42 2.50 1.19 1.85 - 1.01 	-- 
0.1.. 68.27 29.57 49.52 35.54 53.26 36.31 35.41 26.77 
A.I 11.35 56.57 38.29 52.95 31.66 47.38 48.63 58.61 
CP254 0i255 CP257 CP258 CP259 CP CP291 CP262 
5498 39.47 44.04 41.12 48.07 52.62 49.78 54.12 50.74 
7498 2.76 2.50 2.72 2.79 2.73 2.76 3.15 3.01 
£1209 16.36 16.65 16.42 18.49 16.49 17.70 15.07 16.34 
P.203 13.98 15.03 13.13 12.70 10.45 11.47 9.57 11.54 
Ii0 0.34 0.14 0.22 0.48 0.24 0.26 0.24 0.16 
NqO 2.24 2.96 3.76 3.41 3.95 4.19 3.20 3.21 
6.0 12.40 7:81 10.51 6.64 2.37 4.50 3.55 4.44 
9.20 2.88 2.72 2.51 3.44 5.74 4.89 5.57 5.91 
I0 0.85 0.49 0.86 0.40 0.83 0.48 1.13 0.59 
P295 0.43 0.36 0.42 0.39 0.73 0.39 0.56 0.72 
LOX 7.21 7.00 7.66 2.53 3.88 3.12 3.08 2.63 
total= 98.92 99.69 99.32 99.35 100.03 99.54 99.32 99.30 
Ni 59 59 63 27 0 36 5 5 
Cr 38 13 29 51 3 61 3 5 
V 267 243 256 245 107 221 205 155 
Sc 27 31 25 29 25 26 26 25 
Cu 26 26 31 22 16 29 32 19 
Zn 191 70 200 89 180 113 270 152 
Sr 510 350 557 444 . 	 294 452 301 381 
9. 17 10 14 5 11 8 16 7 
Zr 204 185 195 218 404 220 334 378 
IL 27 24 24- 28 50 28 •- 	41 47 
90, 258 199 306 251 . 	 572 299 869 471 
• 	
. 	 Pb 1 - 2 - 1 3 7 7 17 
Th 2 2 1. 3 4 1 I. 5 
1. 24 21 21 23 45 22 41 . 42 
C. 52 40 49 Sr. 101 53 87 97 
Nd 27 21 26 27 54 28 46 50 
V 28 24 28 30 51 30 48 48 
2.15 2.S3 2.99 - 
N. 9.20 . - 2.41 - - - - - 
En - 6.35 - 8.48 9.84 9.44 7.94 3.03 
F. - 14.27 - . 	 13.55 10.14 10.41 8.02 4.16 
Con 3.49 0.62 3.14 - - - 0.24 0.18 
Cf. 9.40 1.39 4.61 - - - 0.24 	. 0.24 
Cue 12.31 1.95 7.69 - - - 0.48 0.41 
F. 1.47 0.28 4.37 - - 0.70 - 3.36 
F. 4.37 0.69 7.07 - - 0.85 - 5.09 
Or 5.02 2.97 5.08 2.35 4.89 2.82 6.68. 3.49 
An 29.22 31.78 31.00 30.39 7.01 19.80 12.77 16.33 
Lb 7.35 23.01 16.77 29.14 48.56 41.41 47.11 . 	 49.98 
Mt 2.40 2.58 2.26 2.18 1.80 1.97 1.65 1.98 
II 5.25 4.75. 5.17 5.29 5.18 5.24 5.99 5.72 
C - - 1.25 3.59 1.00 - 0.14 
Ap 1.00 0.82 0.96 0.91 1.69 0.90 1.30 	• 1.68 
• 	 0.1. 21.57 25.87 24.26 33.64 55.98 44.23 56.78 53.47 
AnS 79.90 58.01 64.90 51.05 . 	 12.61 32.34 21.33 24.63 
312 
62364 CP CP261 CP CP269 CP210 CP271 CP213 
Si92 52.54 50.13 45.94 46.00 49.58 46.68 53.95 47.78 
T102 2.99 2.47 2.69 3.68 3.85 2.92 2.68 3.11 
41203 17.06 19.50 17.36 15.03 15.37 15.50 14.34 16.79 
F.203 13.16 8.97 12.10 14.63 14.69 12.63 14.06 12.92 
*t0 0.12 0.19 0.22 0.80 0.13 0.46 0.12 0.22 
N1 1.44 4.83 4.69 4.81 3.40 5.71 2.89 4.02 
CaO 4.36 5.39 8.90 7.51 3.84 8.59 3.56 6.53 
8.20 4.05 4.61 3.43 3.99 4.96 3.19 4.04 3.99 
820 0.78 0.72 0.87 0.49 0.77 1.01 1.28 .1.36 
P205 0.39 0.35 0.34 0.52 0.52 0.44 0.40 0.38 
1.01 rid 2.94 3.38 rid 2.55 rid rid rid 
total- 97.69 100.10 99.51 97.45 99.66 97.12 97.32 97.11 
Mi 15 23 35 13 13 29 24 38 
Cr 25 30 45 2 6 32 29 54 
V 263 172 282 363 278 348 304 . 	 306 
Sc 30 26 25 31 33 32 32 31 
Cu 23 15 47 37 22 74 18 33 
Zn 95 115 110 251 115 570 92 120 
Sr 426 492 072 354 371 435 387 563 
8. 12 11 9 7 8 16 17 22 
Zr 226 205 203 270 283 231 214 202 
8. 29 25 24 35 38 29 27 26 
No 417 456 .803 226 463 385 565 658 
Pb 13 7 84 6 15 13 5 17 
Th 3 1 -: 5 2 3 1. 2 
La - 	 24 21 22 29 32 24 24 22 
C. 54 46 47 65 70 82 57 49 
8. 28 25 29 32 40 32 27 28 
Y 31 29 25 33 39 29 25 28 
8 4.99 - -- - 0.11 - 7.93 - 
N. - - 0.44 - - - - - 
En 3.59 9.66 - 0.98 7.99 2.03 7.19 1.94 
F. 13.16 6.81 - 1.26 13.07 2.63 14.91 2.49 
C... - - 2.62 2.22 - 3.11 - 1.11 
.Cf. - - 2.76 2.04- - 2;89 - 1.43 
Ca. - - 5.24 5.07 - 6.15 - 2.55 
F. - 1.65 6.14 6.14 0.33 5.00 - 4.88 
F. - 1.28 7.71 8.64 0.59 5.93 - 6.07 
or 4.59 4.26 5.17 2.80 .4.54 5.96 7.59 8.04 
An 19.10 24.46 29.39 21.68 15.66 25.00 15.04 23.81 
Lb 41.00 39.05 28.22 33.73 41.94 26.99 34.20 33.79 
Pt 2.26 1.54 2.08 2.51 2.52 2.17 2.42 2.22 
11 5.69 4.69 4.73 6.99 7.32 5.54 5.08 5.91 
C 1.25 2.16 - - 0.65 - 0.79 - 
Ap 0.90 0.81 0.79 1.22 1.20 1.02 0.93 0.07 
0.1. 50.58 43.30 33.83 38.61 4558 32.95 49.73 41.82 
An 31.78 38.51 51.02 39.13 27..19 48.08 30.54 41.40 
CP275 cP280 CP202 CP283 CP285 6P288 1P291 cP292 
S192 47.85 47.54 48.96 52.17 49.18 48.40 45.73 46.35 
Ti02 3.00 3.09 2.60 3.00 3.35 2.36 2.68 2.26 41203 16.10 16.46 18.27 15.26 14.68 19.60 16.84 19.82 
1`.203 12.28 11.03 10.62 12.37 13.87 10.05 12.22 10.45 
VlnO 0.20 0.27 0.15 0.15 0.30 0.14 .0.23 0.20 
MgO 4.72 5.60 4.05 3.08 4.15 3.45 5.56 4.21 
CaD 8.68 8.06 7.02 6.37 6.95 6.32 9.82 8.90 1620 3.57 3.45 4.32 3.65 3.77 4.51 2.69 3.43 
820 1.19 1.33 1.10 1.10 0.55 0.93 1.02 0.77 
P205 0.43 0.49 0.35 0.45 0.45 0.33 8.37 0.28 1.01 rid rid rid rid rid rid rid 3.01 
total- 98.03 97.31 97.44 97.61 97.25 96.89 97.15 99.69 
Mi 31 23 22 26 17 33 37 18 Cr 32 29 20 40 6 81 48 15 V 344 313 238 211 312 252 301 253 Sc 33 29 20 22 20 26 25 19 Cu . 	 28 46 29 26 18 37 25 31 Zn 145 338 98 98 143 94 137 83 Sr 480 468 515 426 389 557 492 759 m. 22 24 19 14 7 18 17 9 Zr 219 256 206 249 260 172 192 155 16 27 32 25 33 33 22 25 21 as 378 507 399 385 291 318 322 291 Pb 18 15 10 10 61 13 4 4 Tb 5 6 6 6 7 5 4 2 La 24 28 20 27 30 21 24 16 C. 58 65 46 57 60 45 47 37 Ski 31 36 26 32 32 25 26 22 7 29 33 27 34 35 28 27 21 
0 - - - 5.65 1.18 - - - 
En 1.11 2.49 1.38 6.58 8.54 1.61 1.62 0.38 F. 1.14 1.05 1.41 10.40 11.44 2.07 1.48 0.40 
Can 3.21 2.60 1.00 1.09 1.80 - 3.30 1.19 Cf. 3.30 194 1.17 1.73 2.41 - 3.01 1.23 
C.. 6.62 4.71 2.24 2.79 4.20 - 6.46 2.46 F. 5.22 6.22 5.35 - - 4.90 6.26 6.24 
F. 5.92 5.10 6.08 - - 6.97 6.30 7.12 
Or 7.03 7.88 6.52 6.49 3.27 5.47 6.02 4.53 
An 24.41 25.51 27.17 21.98 21.50 29.18 30.86 36.42 
Lb 30.19 29.17 36.60 30.93 31.89 38.12 22.77 29.03 
Mt 2.11 1.90 1.82 2.13 2.30 1.86 2.10 1.80 
11 5.70 5.86 4.94 5.69 6.37 4.49 5.06 4.29 
C - - - - - 0.49 - - 
Ap 0.99 1.13 0.81 1.05 1.04 - 0.77 0. 85 0.66  
















































































2.65 	6.03 	2.91 	3.47 
4.11 6.72 6.70 8.76 
5.36 	3.37 	3.44 	3.17 
0.95 0.85 1.68 0.99 
0.42 	0.42 	0.70 	0.49 
nd 2.56 4.83 6.01 
97.21 	99.00 	99.65 	99.67 
14 	35 	16 	- 	41 
20 46. I 	- 19 
327 	328 	82 220 
36 35 12 	22 
33 	44 	17 28 
94 602 101 	318 
400 	380 	957 	- 681 
17 	- 16 29 13 
227 232 	311 	245 
30 	. 	29 43 31 
386 282 	539 	413 
11- 	10 1 - 
5 - 	6 	5 	4 
26 	25 - 40 26 
57 53 	85 	60 
30 	- 29 43 31 
28 31 	: 28 	32 
0=80 	3.39 	5.54 	1:90 
1.80 3.35 9.66 2.38 
- 	0.75 	0.66 	2.01 
- 0.74 1.15 2.52 
- 	1.52 	1.77 	4.54 
4.09 7.52 0.74 3.32 
10.18 	8.29 	1.41 	4.58 
5.66 5.03 9.92 5.86 
17.62 	25.98 	24.41 	29.37 
45.38 	- 28.48 29.08 26.81 
2.52 2.41 	2.18 	1.99 
5.97 	5.69 5.56 	- 6.25 
0.93 - 	- - 
0.98 	0.97 1.63 	1.14 
51.04 	33.51 	39.00 	32.66 
27.97 48.64 45.63 52.28 
N80 	4.24 	4.79 
CaO 	9.14 10.16 
1620 	3.35 	2.72 
K20 	0.95 1.01 
P205 	0.31 	0.35 
101 rid rid 
total= 	95.84 	96.93 
Ni 	19 	32 
Cr 19 66 
V 	251 	354 
Sc 19 26 
Cu 	31 	36 
Zn 65 251 
Sr 	837 	594 
fib 7 18 
Zr 	165 	199 
16 22 26 
8. 	369 	349 
Pb S •2 
Tb 	-3 	3 
La 18 23 
C. 	.43 	45 
Nd -22 25 
Y 	22 	25 
N. 	0.53 	- 
En - 0.47 
F. 	- 	. 0.50 
Con 	1.64 3.60 
Cf. 	1.79 	3.86 
C,wo 	3.47 7.56 
Fe 	6.25 	.5.51 
F. 	7.53 6.51 
Or 	5.02 	5.99 
An 	35.05 30.01 
Lb 	27.40 	23.02 
Mt 	1.92 2.20 
11 	4.55 	5.76 
C - - 
Ap 	0.71 	0.81 
0.1. 	32.95 	29.02 
Anll 	56.13 56.58 
313 
CP293 	cP294 	CP295 	CP298 	CP299 	CP30I 	CP303 	CP304 
Si02 45.93 	45.27 	45.39 	48.38 	48.51 	45.31 	47.24 	44.59 
T02 	2.40 3.03 3.05 2.55 3.14 2.99 2.93 3.29 
41203 19.28 	16.57 	16.54 	17.94 	17.75 	16.35 	16.41 	17.05 
F.203 11.19 12.82 13.59 11.78 14.64 14.04 12.70 11.56 
0.15 0.21 	0.18 	0.14 	0.15 0.37 0.11 0.30 
CPOOS £P306 CP209 cP310 CP31I cP312 cP313 CP315 
SiO2 46.03 47.56 48.14 47.09 46.10 47.02 47.63 47.01 
7402 3.06 2.95 2.18 2.56 3.18 3.35 3:31 3.13 
*1203 16.64 16.78 15.98 15.35 16.54 15.18 14.20 16.54 
F.203 13.91 12.83 14.70 14.28 13.94 13.76 14.72 13.54 
ParC 0.27 0.29 0.20 0.45 0.18 0.26 0.24 0.53 
N1 4.32 2.98 2.87 3.46 4.82 4.51 5.12 3.72 - 
CaO 7.72 8.15 6.10 6.46 6.40 7.44 4.69 6.98 
1620 3.31 3.34 4.43 3.21 3.57 3.69 4.84 3.86 
K20 1.24 0.80 2.08 3.37 1.47 1.54 1.26 1.32 
P205 0.48 0.46 1.29 1.03 0.49 0.68 0.67 0.78 
101 rid 3.28 rid rid rid rid rid rid 
total= 96.98 99.42 97.97 97.28 96.68 97.43 	- 96.68 97.42 
N  43 44 2 1 19 3 3 6 
Cr 18 . 	 14 3 3 - 	 31 2 3 3 
V 207 250 28 59 235 178 224 102 
- . 	 . 	 Sc 16 20 9 18 25 . 	 24 23 10 
Cu 32 27 17 - 10 23 - 	 60 18 18 	- 
Zn 111 203 125 224 103 164 148 118 
• 	 . 	
. 	 Sr 640 546 618 631 . 530 463 624 - 	 660 
Rb 20 9 	. 39 43 - 	 32 32 21 17 
Zr 237 224 412 -343 227 313 307 - 318 16 30 27 54 48 33 45 44 43 
ea 448 372 560 - 1575 . 606 454 614 430 
Pb 4 3 9 11 - 	 2 - 	 6 6 - 7 
Tb S 7 10 8 1 3 5 6 
1. 29 26 55 46 - 	 . 	 28 - 	 38 39 - 	 37 
co 62 59 113 	- 101 .- 	66 83 83 84 
• 	 - 	 Nd 31 - 	 30 60 - 	 55 32 44 43 44 
7 29 29 44 44 	- 32 40 40 35 
-0 
- 0.44 - - - - - - 
N. - - 0.61 0.97 - - - 	 0.11 - 
En 2.06 6.02 - - .1.76 0.88 - 2.06 
F. 2.74 10.62 - - 2.06 1.07 - 3.17 
Can 1.48 1.39 0.55 1.17 0.73 2.28 1.06 0.94 
Cf. 1.98 2.45 1.30 - 	 2.17 0.85 2.77 1.25 1.44 
C.. 3.45 3.77 1.78 3.26 1.59 5.07 - 	 2.33 2.35 
Fe 5.06 .- 4.62 5.22 6.67 5.65 8:19 4.39 
F. 7.44 11.94 10.69 8.59 7.57 10.60 7.42 
Or 7.32 4.75 12.27 19.94 8.70 9.11 7.42 7.82 
• 	 An 26.89 28.41 17.58 17.49 24.76 20.31 13.31 23.90 
Lb 28.02 28.26 35.38 25.40 30.20 31.19 40.72 32.67 
lit 2.39 2.20 	- 2.53 2.45 2.40 2.36 2.53 2.33 
• 	 - 	 11 5.82 5.62 4.14 4.87 6.04 6.36 6.29 5.95 
Ap 1.10 1.07 2.98 2.39 1.12 1.58 1.56 1.81 















































































ligO 	2.96 	4.06 
CaO 	6.40 8.30 
Na20 4.30 	3.24 
K20 	2.02 1.29 
P205 	0.80 	0.40 
101 nd nd 
total= 	97.32 	98.26 
Ni 	2 	19 
Cr 1 17 
V 	110 	292 
Sc 19 26 
Cu 	12 	94 
Zn 153 114 
Sr 	452 	505 
Rb 47 27 
Zr 	377 	232 
Kb 51- 30 
Ba 	491 	330 
Pb 13 3 
lb 	9 	4 
1. 47 23 
C. 	99 	55 
Nd 51 27 
V 	49 	30 
U 	- 	1.24 
En 2.53 7.96 
F. 	4.25 	8.10 
Can 1.33 2.16 
Cf. 	2.24 	2.20 
Ceo 	3.51 4.43 
Fe 2.45 	- 
F. 	4.53 - 
Or 	11.91 	7.64 
An 	18.13 27.93 
Ab 	36.24 	27.44 
Mt 	2.04 1.84 
11 5.15 	5.45 
C 	- - 
Ap 1.84 	0.93 
D.I. 	48.26 	36.32 
AnO 	33.28 50.44 
4.87 	3.43 	389 	0.89 
6.85 5.36 9.21 8.66 
3.18 	3.58 	3.02 	3.26 
1.43 2.16 1.32 1.91 
0.1.4 	0.51 	0.43 	0.44 
nd 3.13 nd 2.43 
97.51 	100.06 	96.96 	99.22 
8 	7 	10 	7 
0 11 9 7 
268 	319 	314 	271 
25 28 19 23 
7. 	9 	22 	71 
136 172 100 	• 	228 
564 	539 	570 583 
31 43 29 	32 
236 	277 	226 249 
35 42 34 	37 
379 	452 	366 383 
9 54 1 	19 
4 	1 3 	4 2 
30 34 28 	32 
65 	69 	61 67 
30 37 30 	32 
29 	33 	30 30 
- 	0.66 	- 	0.07 
6.92 8.54 3.42 1.37 
7.23 	10.87 	4.34 	8.69 
0.25 - 2.47 0.80 
0.27 	- 	3.13 	5.04 
0.53 - 5.61 5.36 
3.48 	- 	2.65 	0.04 
4.01 - 3.71 0.31 
8.44 	12.79 	7.78 	11.30 
29.85 23.22 29.45 27.22 
26.91 	30.28 	25.58 	21.56 
2.14 1.99 2.03 2.26 
5.37 	5.69 	4.74 	4.65 
- 0.69 - - 
1.02 	1.19 	0.99 	1.03 
35.35 	43.72 	33.36 	• 38.94 
52.59 43.41 . 	53.52 49.69 
314 
CP316 cP319 CP320 CP321 CP322 CP323 CP324 cP325 
Si02 41.76 47.10 49.81 47.87 45.75 44.46 50.78 49.74 
It02 3.14 3.81 2.25 2.59 2.29 2.62 1.64 2.53 
*1203 16.50 15.27 15.87 16.96 18.89 16.79 15.70 16.23 
F.203 11.83 15.14 13.24 13.43 11.37 15.17 13.95 13.01 
0.21 0.17 0.09 0.15 0.22 0.25 0.30 0.47 
M 40 2.73 4.20 2.70 3.09 4.99 4.91 2.36 2.80 
C.0 11.18 5.94 3.73 5.70 7.18 7.41 5.12 5.09 
N.20 2.00 4.06 5.66 4.03 3.56 3.80 4.56 4.78 
K20 0.72 0.63 1.70 1.96 1.10 0.62 2.39 1.33 
P205 0.48 0.64 1.38 0.83 0.32 0.38 0.85 0.80 
1.01 0.09 nd 2.99 3.86 2.45 2.84 ad nd 
total= 99.45 97.04 99.42 100.48 98.13 - 99.25 97.G4 96.06 
Ni 45 5 1 27 9 64 1 1 
Cr 16 3 2 29 2 14 2 2 
V 183 193 52 227 74 246 4 78 
Sc 16 22 15 20 8 19 18 20 
Cu 23 19 13 38 12 272 15 11 
Zn 212 73 121 117 95 239 160 128 
Sr 700 433 423 1252 913 672 452 373 
Rb 11 7 21 21 31 7 49 27 
Zr 231 205 400 180 347 195 453 308 
IL 31 44 62 27 47 24 60 53 
Ba 308 425 712 993 589 258 701 589 
Pb 6 5 21 3 8 3 7 7 
Th 5 8 9 1 9 5 9 10 
1. 25 36 61 18 45 22 55 58 
• 	 C. 59 79 133 46 101 50 130 116 
lid 31 39 67 25 48 26 66 59 
Y 26 35 54 24 20 26 56 54 
N. 2.53 - - - - 1.79 - - 
En - 6.65 1.29 2.13 0.05 - 1.53 3.82- 
F. - 9.10 5.86 3.95 0.05 - 4.39 7.64 
Can 3.52 .0.65 - 0.07 0.25 1.31 0.51 0.16 
Cf. 5.83 0.89 - 0.13 0.24 1.79 1.48 0.33 
Ceo 9.20 1.54 - 0.20 0.50 3.09 1.89 0.48 
Fe 2.30 2.35 2.80 3.85 8.50 7.65 2.68 2.24 
F. 4.20 3.55 6.63 7.86 9.10 11.55 8.44 4.94 
Or 4.27 3.72 10.02 11.61 6.49 3.69 14.13 7.88 
An 30.30 21.62 6.85 22.38 32.32 26.91 15.33 18.88 
Ab 19.05 34.32 47.87 34.12 30.12 28.83 38.55 40.46 
Ht 2.03 2.60 2.28 2.31 1.95 2.61 2.40 2.24 
11 5.97 7.25 4.28 4.91 4.35 4.97 3.11 4.01 
C - - 2.22 0.61 - - - 0.14 
Ap 1.10 1.47 4.12 1.93 0.75 0.87 1.97 1.85 
0.1. 25.85 38.04 57.89 45.72 36.61 34.31 52.68 48.33 
*, 61.40 38.64 12.52 39.61 51.77 48.28 28.45 31.83 
CP326 	8328 	8329 	8330 	B331 	8332 	8233 	8334 
SiO2 50.00 	50.15 	46.86 	53.68 	47.50 	49.84 	47.40 	48.45 
7002 	2.71 2.87 3.00 3.01 2.83 2.99 2.50 2.45 
*1203 15.89 	16.97 	17.05 	14.60 	17.72 	17.43 	17.19 	17.40 
F.203 11.88 10.70 13.52 12.72 12.45 11.57 11.84 13.15 
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8355 0356 035? 0359 8300 0361 8363 LC364 
S463 45.99 47.81 52.34 49.47 51.43 46.69 51.55 50.53 
7402 3.69 2.65 3.12 3.21 2.35 2.71 2.42 1.33 
41203 16.43 17.48 15.66 15.40 10.26 18.60 16.30 17.39 
F.203 11.40 11.71 11.18 .12.01 9.43 11.48 9.79 12.81 
0.16 0.19 0.12 0.23 0.19 0.23 0.12 0.10 
N 5.83 3.91 3.62 4.22 3.49 4.78 5.02 2.66 
C.O 5.15 9.02 4.10 5.98 5.70 7.19 3.15 3.40 
1b20 3.81 3.02 3.08 3.82 4.60 3.80 6.27 4.47 
O 1.56 1.30 1.53 1.22 1.35 0.93 0.78 2.94 
P205 0.49 0.43 0.64 0.47 0.40 0.31 1.00 0.75 
101 4.60 ad 2.99 2.65 2.29 3.11 3.07 2.81 
total. 99.11 97.60 99.18 98.67 99.48 99.83 99.45 99.19 
Nt 5 9 7 13 9 18 4 
Cr 5 17 4 5 9 28 4 
V 307 317 178 297 185 291 95 
Sc 30 24 23 33 22 25 17 
Cu 4 12 6 46 25 7 1 
Zn 301 110 187 200 97 158 204 48 
Sr 453 563 461 461 464 780 296 582 
Rb 28 29 33 25 26 14 6 72 
Zr 261 1241 347 254 236 167 409 451 
Ub 38 35 54 35 33 24 59 83 
8. 321 355 402 312 299 289 290 003 
Pb 36 17 24 is 12 13 15 17 
Tb 1 4 5 - 3 1. 5 8 
La 28 26 39 28 26 16 51 64 
C. 63 64 90 60 56 38 114 137 
Nd 32 .. 32 46 31 29 21 58 56 
Y 31 29 39 33 29 26 51. 39 
O - - 6.89 0.75 - - - - 
En 3.72 4.37 9.02 9.45 6.95 1.14 4.76 3.13 
F. 2.48 5.33 10.27. 10.29 7.43 1.11 3.62 7.27 
Can - 2.22 - 1.05 0.09 1 0.56 - - 
Cf. - 2.71 - 1.14 0.09 0.54 - - - 
Ca. - 4.95 - 2.22 0.18 1.13 - - 
F. 7.57 2.21 - - 1.15 7.15 5.42 2.45 
F. 5.57 298 - - 1.36 7.63 4.55 6.27 
Or 9.19 8.18 9.02 7.20 7.97 5.50 4.59 17.35 
An 22.36 30.08 16.15 21.29 25.21 30.94 9.09 12.02 
Lb 32.22 25.51 32.82 32.32 38.91 32.15 53.10 37.86 
Pit 1.96 2.01 1.92 2.06 1.62 1.97 1.68 2.20 
11 7.00 5.04 5.93 6.10 4.46 5.15 4.59 2.53 
C 0.29 - 1.71 - 0.12 - 1.81 2.45 
Ap 1.14 0.99 1.48 1.08 0.93 0.72 2.31 1.73 
0.1. 41.41 33.69 48.74 40.27 46.89 37.65 57.69 55.21 
Ant 40.96 54.11 32.98 39.71 39.31 49.04 14.61 24.10 
16285 1C366 LC367 16268 LC369 1C3?0 LC371 16272 
S002 45.51 48.48 59.03 46.55 52.37 48.36 46.90 59.25 
T402 3.17 2.65 1.43 2.61 2.61 2.67 2.64 1.48 
41203 15.34 17.49 15.01 18.83 15.09 17.23 18.71 15.23 
F.203 16.24 10.79 8.23 11.89 12.77 11.56 11.69 7.95 
Y. 0.14 0.22 0.09 0.17 0.13 0.14 0.19 0.12 
NO 4.18 4.75 2.87 4.21 2.73 4.05 3.95 2.46 
C.0 7.57 6.97 2.44 9.02 5.70 8.93 8.46 2.81 
11.20 2.98 3.94 4.67 2.07 3.95 3.30 3.64 4.61 
820 1.66 1.47 2.49 1.14 1.72 1.11 1.05 2.61 
P205 0.45 0.58 0.56 0.30 0.85 0.34 0.30 0.56 
101 1.87 2.39 2.47 ad ad ad ad 2.19 
total. 99.10 99.70 99.28 97.57 97.93 97.69 97.52 99.25 
Mi 10 15 3 9 4 9 8 3 	- 
Cr 6 21 5 5 .5 6 7 4 
V 396 194 46 299 126 272 209 49 
Sc 32 22 15 24 22 28 23 15 
Cu 5 6 1 3 26 5 7 11 4 
Zn 88 281 114 73. 162 240 144 140 
Sr 522 563 296 583 464 520 623 395 
Rb 42 31 57 24 28 17 22 59 
Zr 239 258 426 172 353 - 	198 177 431 * 37 39 . 	53 24 46 25 25 54 
Ba 405 469 535 256 448 314 288 535 
Pb 64 38 24 28 39 50 39 31 
Tb 3 3 6 .1 4 I 1 . 	6 
La 30 32 48 - .18 40 24 21 48 
C. 67 76 107 43 98 49 43 108 
Nd 31 34 52 22 50 27 . 21 52 
Y 32 33 46 24 49 36 24 47 
8 - - 	. 10.30 - 3.80 - - 10.42 
N. - - - - - - 0.33 - 
En 1.59 2.32 7.15 3.48 6.18 4.56 - 6.12 
F. 2.61 2.10 9.01 4.03 12.03 5.20 - 0.62 
Can 1.77 1.11 - 1.47 0.63 2.53 1.57 - 
Cl. 2.90 1.00 - 1.70 1.23 2.90 1.90 - 
C.. 4.60 2.17 - 3.19 1.82 5.47 3.49 - 
F. 4.94 5.89 - 3.88 - 2.11 5.79 - 
F. 8.95 5.87 - 4.98 - 2.67 7.71 - 
Or 9.83 8.69 14.73 6.71 10.15 6.54 6.22 15.44 
An 23.58 25.68 8.45 35.17 18.36 28.95 31.61 10.27 
Lb 25.19 33.35 39.51 24.25 33.47 27.91 30.15 39.00 
Mt 2.79 1.85 1.41 2.04 2.19 1.99 	- 2.01 1.37 
11 6.01 5.02 2.71 4.96 4.97 5.06 5.01 2.77 
C - - 1.53 - - - - 1.06 
Ap 1.05 1.31 1.29 0.68 1.97 0.80 0.70 1.31 
0.1. 35.01 62.04 64.53 30.98 47.42 34.44 38.70 
-- 
64.86 
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cP412 cp413 £P417 c419 C419 6420 C1.21 
5182 44.73 44.26 49.78 52.93 45.21 46.90 47.07 
TiO2 2.97 2.42 2.49 3.79 2.43 3.71 3.76 
*1203 16.65 17.50 13.44 14.33 10.73 14.18 14.44 
P.203 9.37 11.61 13.89 10.71 9.77 14.22 10.24 
.-_ 0.66 0.16 0.18 0.33 0.17 0.40 0.31 
I 3.28 3.79 5.52 4.64 2.01 5.85 4.55 
C.O 8.84 8.19 0.00 5.22 12.20 6.93 7.94 
1b20 4.25 3.09 2.50 2.82 2.71 2.62 2.75 
GO 1.74 1.63 1.50 1.27 1.00 1.08 1.25 
P205 0.97 0.69 0.28 0.53 0.33 0.51 0.52 
1.01 5.86 5.97 ad ad 3.81 3.03 6.32 
total= 99.22 99.31 97.59 96.51 89.17 98.42 89.13 
Nt 1 25 43 14 26 19 18 
Cr 1 28 04 19 37 21 19 
V 151 176 357 303 260 372 393 
Sc 17 19 25 35 21 33 35 
Cu 5 52 44 27 32 29 208 
Zn 647 201 104 125 203 166 1367 
Sr 573 625 505 561 565 375 375 
IL 36 35 36 20 34 22 18 
Zr 344 320 173 220 134 215 216 
IL 61 58 14 31 19 30 30 
ft 559 503 303 447 391 329 308 
Pb 7 10 2 14 5 31 19 
Th 9 7 4 7 4 6 6 
La 59 47 21 26 17 27 23 
C. 127 99 48 59 36 55 58 
Nd 60 41 26 33 20 29 33 
T 41 31 29 33 21 32 34 
0 - - 1.69 10.97 - 0.65 2.93 
N. 6.66 0.40 - - 1.76 - - 
En - - 10.43 11.56 - 13.04 8.39 
F. - - 11.46 8.91 - 12.48 6.14 
Con 3.16 1.29 3.31 - 3.91 1.52 2.93 
Ci. 3.57 1.64 3.64 - 5.43 1.45 2.14 
ti,. 6.80 2.92 7.03 - 9.37 3.04 5.28 
Fe 3.51 5.71 - - 2.12 - - 
F. 4.37 8.05 - - 3.20 - - 
Or 10.30 9.66 8.87 7.53 5.93 6.36 7.36 
An 21.21 29.08 21.01 22.46 35.96 23.73 23.36 
Lb 23.66 25.38 21.15 23.09 19.72 22.20 23.29 
wt 1.61 1.99 2.39 1.84 1.68 2.44 1.76 
11 5.44 4.60 4.74 7.19 4.61 7.04 7.13 
C - - - 0.07 - - - 
Ap 2.26 1.61 0.66 1.23 0.76 1.19 1.21 
0.1. 40.61 35.43 31.71 42.37 27.40 29.21 33.59 
A,4 47.29 53.40 49.04 48.47 64.59 51.60 50.07 











































































































41.64 	49.08 	42.78 
3.51 2.40 2.93 
14.89 	14.97 	18.08 
14.13 11.73 12.24 
0.07 	0.05 	0.07 
5.33 1.81 7.19 
5.78 	7.04 	4.47 
3.11 3.70 2.62 
1.96 	2.28 	2.32 
0.61 0.86 0.59 
9.12 	4.77 	6.25 
100.75 	98.69 	99.56 
158 	62 	29 
184 61 39 
179 	117 	231 
16 20 21 
12 	12 	29 
142 488 204 
158 	393 	405 
30 45 47 
314 	552 	250 
40 40 50 
104 	568 	638 
13 13 7 
4 	6 	7 
30 46 34 
68 	102 	78 
39 53 34 
30 	39 	33 
- 	0.55 	- 
1.72 - - 
- 	3.12 	5.95 
- 8.34 3.97 
0.76 	1.40 	- 
0.82 3.73 - 
1.60 	4.90 	- 
9.77 - 8.39 
10.44 	- 	6.16 
11.59 13.45 	13.71 
20.85 	17.53 18.32 
23.16 31.29 	22.14 
2.53 	2.02 2.10 
6.67 4.55 	5.56 
- 	- 4.55 
1.41 2.00 	1.37 
36.47 	45.30 	35.85 























































































































































81(433 	81(434 	91(435 	91(636 	91(441 	81(642 	91(443 	81(445 
	
S402 	42.84 	46.76 
T102 3.12 2.46 
61203 	16.54 	14.32 
F.203 9.79 12.47 
0.25 	0.10 
1190 	2.96 4.44  
C..0 	10.13 	7.96 
11.20 3.37 2.97 
IQO 	1.85 	1.79 
P205 0.98 0.43 
LOl 	7.36 	5.22 
total= 	99.18 	98.92 
MI 	21 	223 
Cr 13 276 
V 	208 	194 
Sc 24 21 
Cu 	20 	17 
Zn 191 291 
Sr 	658 	385 
fib 43 	. 	50 
Zr 	206 264 
Kb 41 	. 32 
ea 	592 377 
Pb 8 	53 
Th 	4 7 
La 41 	30 
C. 	86 64 
Nd 41 	. 	31 
Y 	30 32 
a 	- 	- 
N. 5.13 - 
En 	- 	3.94 
F. - . 	4.66 
Can 	3.69 3.09 
Cf. 4.31 	3.65 
C.0 	8.06 6.79 
Fo 2.58 	2.82 
F. 	3.32 3.67 
Or 	10.91 	10.60 
An 	24.57 20.46 
Lb 	17.92 	25.11 
Nt 1.68 2.14 
11 	5.92 	4.67 
C - - 
Ap 	2.26 	0.99 
0.1. 	34.56 	35.71 
AnI 	57.82 44.89  
43.31 	43.30 	51.64 	44.50 
2.46 2.67 2.55 3.50 
13.71 	14.20 	14.82 	15.29 
12.63 15.01 9.70 12.40 
0.11 	0.11 	0.08 	0.05 
4.55 1.16 2.17 5.42 
7.98 	7.96 	5.36 	4.08 
4.18 3.88 4.84 2.24 
1.87 	3.94 	2.57 	5.03 
0.41 0.39 0.48 0.77 
8.32 	7.01 	5.46 	6.13 
99.54 	99.61 	99.67 	99.40 
184 	82 	119 	. 	228 
232 240 162 	:117 
109 	204 	187 195 
25 .21 20 	19 
21 	15 	4 2 
233 159 119 	237 
126 	134 	125 178 
30 67 52 	74 
219 	. 190 	267 470 
27 22 36 	.. 	63 
195 	211 	162 467 
19 33 26 	39 
7 	4 	10 . 	10 




26 25 32 52 
28 	28 	28 	30 
9.37 	14:09 	: 	1.06 
- -. 1.70 
- - 	2.87 	- 
4.53 	1.87 1.95 
5.32 10.48 	3.29 	-. 
9.92 	11.39 5.15 - 
4.77 0.71 	1.24 	9.45 
6.17 	4.41 2.30 8.61 
11.07 23.29 	15.20 	29.72 
13.12 	9.68 11.15 15.17 
18.03 6.82 	40.92 	16.99 
2.17 	2.58 1.67 2.13 
4.68 5.07 	4.83 	6.65 
- - - 0.60 
0.96 	0.89 	1.10 	1.79 
38.48 	44.20 	56.12 	47.77 
42.12 58.68 21.41 41.18 
81(448 81(449 81(453 81(457 81(458 CP459 CP480 CP462 
SiO2 50.18 46.62 50.41 49.46 46.70 45.30 46.98 51.33 
T 10 3.12 3.07 2.76 1.77 2.66 3.08 2.90 2.06 
61203 14.88 14.63 15.96 16.62 17.13 17.08 17.35 18.05 
F9203 10.60 11.94 12.63 11.76 12.35 13.97 11.28 9.51 
MnO 0.10 0.13 0.06 0.17 0.13 0.53 0.57 0.19 
NgO 4.34 4.65 5.15 1.95 3.81 5.21 5.48 4.74 
CaO 5.95 6.82 4.34 6.27 4.97 8.76 8.49 3.21 
11.20 3.35 3.59 3.07 . 	 4.07 2.87 2.72 2.72 5.96 
1(20 1.81 1.72 . 	1.70 2.39 3.27 1.22 1.61 0.57 
P205 0.63 0.64 0.57 1.18 0.64 0.47 0.53 0.97 
LOS 4.30 5.20 nd 4.03 4.53 nd nd nd 
total= 99.26 99.00 96.63 99.69 99.05 98.35 -- 97.92 96.60 - 
NI 107 139 134 2 1 14 29 
Cr 144 155 133 2 2 3 	. 55 4 
V 157 165 . 	 172 17 89. 292 234 53 . 
Sc 20 20 23 8 13 19 20 11 
Cu 27 14 38 7 10 20 29 44 
Zn .248 313 254 716 532 112 284 . 	 211 
Sr 476 423 462 671 517 646 620 545 
Rb 34 33 37 61 55 22 32 . 	 7 
Zr 341 339 273 345 292 211 .257 381 
Nb . 	 37 37 33 66 59 36 46 75 
Ba 307 307 339 774 548 397 536 461 
Pb 47 68 70 11 7 5 11 13 
TI, 7 7. 9 9 5 1 1 6 
La . 	 31 32 34 59 45 29 39 46 
Co 80 76 72 135 . 91 67 78 . 	 117. 
Nd 43 43 33 59 41 31 36 54 
8 32 33 27 38 34 29 33. 42 
Q 3.17 - 4.90 - - - - -. 
En 9.69 2.81 12.82 2.56 4.81 1.97 5.02 9.34 
F. 8.46 2.77 12.71 7.06 6.40 2.25 4.27 7.81 
Con 1.12 2.26 - 0.40 - 1.95  
Cf. 0.98 2.22 - 1.09 - 2.12 1.54 - 
Cao 2.16 4.56 - 1.42 - 4.01 3.46 - 
Fo - 4.56 - 1.33 3.28 6.42 4.77 1.73 
Fa - 4.95 - 4.04 4.81 8.11 4.47 1.59 
Or 10.68 10.18 10.03 14.11 19.35 7.23 . 3.54 3.39 
An 20.22 18.72 17.80 20.01 20.48 30.77. 30.39 9.57 
Lb 28.35 30.35 25.99 34.48 24.29 23.04 22.98 50.40 
Nt 1.82 2.05 2.17 2.02 2.12 2.40 1.94 1.64 
11 5.93 5.92 5.23 3.36 5.05 5.84 5.51 . 	 3.92 
C - . 	 2.55 - 1.35 . 	 - 4.12 
Ap 1.47 1.48 1.32 2.73 1.48 1.09 1.23 2.25 
0.1. 42.19 40.53 40.91 48.59 43.65 30.27 32.52 53.78 
























































































CP463 	tP464 	CP465 	CP466 	CP468 	CP469 	CP470 	CP472 
	
5i02 	52.51 	44.23 
TiO2 	2.03 1.03 
*1203 	17.71 	14.29 
F.203 	9.65 11.10 
0.29 	0.65 
N 	3.67 10.43 
CaO 	3.10 	9.44 
Na20 	6.68 1.71 
K20 	0.37 	0.70 
P205 	0.95 0.28 
101 nd 	5.42 
total= 	98.96 	100.09 
Ni 	3 	290 
Cr 4 471 
V 	Si 	293 
Sc 10 28 
Cu 	26 	100 
Zn 124 95 
Sr 	562 	403 
Rb 4 11 
Zr 	380 	151 
Mb 76 21 
Ba 	397 	239 
Pb 16 - 
Tb 	9 	3 
La 60 21 
C. 	136 	43 
Nd 58 22 
Y 	44 	24 
0 	- - 
N. - 	- 
En 	5.77 7.40 
F. 	6.49 	3.78 
Con - 4.08 
Cf. 	- 	2.09 
Cae - 6.56 
Fe 	2.37 	10.15 
F. 	2.93 5.72 
Or 	2.19 	4.15 
An 	9.16 29.24 
Ab 	56.51 	14.48 
Ht 	1.66 1.91 
II 	3.85 	3.48 
C 	2.96 - 
Ap 	2.21 	0.66 
0.1. 	58.71 	18.63 
Ant 	13.95 66.88  
45.92 	46.17 	48.96 	45.05 
3.32 3.49 2.79 3.07 
16.90 	16.45 	13.41 	15.74 
14.29 14.24 14.98 13.89 
0.29 	0.16 	0.17 	1.03 
4.67 4.82 6.08 6.11 
6.67 	6.00 	7.77 	7.73 
3.11 3.91 2.01 3.53 
1.36 	1.40 	0.70 	0.41 
0.55 0.52 0.38 0.36 
nd 	nd 	nd 	n4 
97.09 	97.97 	97.25 	96.92 
37 	30 	46 	41 
14 8 52 63 
229 	153 	397 	323 
20 11 28 25 
35 	29 	54 	60 
120 94 127 178 
654 	806 	359 	519 
19 23 12 5 
262 	251 	197 	182 
33 36 17 25 
421 	383 	309 	217 
36 3 7 408 
4' 	5 	'5 	10 
29 25 25 21 
66 	65 	59 	47 
35 31 .31 23 
31 	29 	34 	25 
- 	- 	4.92 	- 
- 1.25 - - 
5.57 	- 	13.02 	0.64 
6.94 - 13.91 0.67 
0.25 	1.37 	2.12 	2.04 
0.31 1.59 2.24 2.11 
0.56 	2.99 	4.43 	4.22 
4.07 7.44 - 8.78 
5.58 	9.49 	- 	10.00 
8.04 8.30 4.16 2.42 
28.12 	23.16 	25.49 	25.87 
26.34 30.82 16.99 29.90 
2.46 	2.45 	2.57 	2.39 
6.31 6.63 5.30 5.82 
1:28 	1.20 	0:99 	0:84 
34.38 	40.37 	26.07 	32.32 
51.64 42.91 60.00 46.39 
CP479 CP479 CP490 CP481 CP482 CP484 CP486 CP487 
Sf02 53.75 46.67 46.57 41.81 47.07 46.78 46.92 49.68 
TiO2 2.00 2.74 2.43 2.74 2.71 2.70 3.13 3.12 A1203 14.96 16.99 18.69 17.88 17.24 17.31 15.99 12.69 
F.203 11.96 12.85 11.05 11.53 12.71 11.97 12.77 14.28 
MnO 0.33 0.19 0.17 0.98 0.18 0.40 0.48 0.30 
MgO 2.79 3.97 4.49 3.89 4.31 5.14 5.35 4.75 
CaO 6.78 9.84 7.45 12.55 8.04 8.35 9.07 4.80 
Na20 3.82 2.77 3.24 2.27 2.98 3.10 3.07 3.56 K20 1.57 1.23 1.98 1.06 1.30 0.75 0.93 1.85 P205 0.42 0.41 0.35 0.39 0.43 0.44 0.41 0.62 
101 nd nd 4.08 4.32 rId nd nd 3.69 
total= 98.37 97.67 100.51 99.41 96.96 96.93 97.12 99.34 
Ni 24 10 40 24 22 7 35 14 
Cr 44 2 41 12 18 - 69 2 V 154 309 325 291 322 254 270 326 Sc 19 20 25 24 19 15 25 30 Cu 25 23 32 54 54 21 43 12 Zn 130 103 282 59 96 100 118 343 Sr 397 595 508 580 522 1017 424 267 Rb 39 24 18 28 13 32 17 34 Zr 285 224 186 236 237 198 216 278 Kb 34 31 32 36 36 30 30 21 Ba 407 335 319 392 300 798 281 444 Pb 8 4 4 2 5 10 3 6 Tb 13 4 8 5 4 2. 5 7 La 33 28 27 29 28 23 24 40 C. 70 56 57 63 	. 64 53 56 94 Nd 35 30 25 29 34 26 28 48 37 29 26 31 31 -- 26 31 43 
0 4.38 - - - - - 
- 0.96 N. - - 0.35 5.27 - - - - 
En 5.22 2.68 - - 5.71 6.38 6.78 10.63 F. 10.19 3.60 - - 7.00 6.25 6.65 13.29 
Con 1.73 2.83 0.82 4.33 1.36 1.54 2.11 1.21 Cf. 3.37 3.81 0.83 5.80 1.66 1.51 2.07 1.51 
C.. 4.96 6.63 1.69 10.11 3.04 3.11 4.27 2.73 
Fe - 3.06 7.26 3.75 2.56 3.42 3.11 - F. - 4.54 8.10 5.54 3.46 3.69 3.36 
Or 9.27 7.29 11.68 6.23 7.71 4.45 5.47 10.3 
An 19.02 30.29 30.61 35.48 29.80 31.07 27.12 13.20 
Lb 32.37 23.44 26.73 9.49 25.23 26.26 25.97 30.12 Mt 2.06 2.21 1.90 1.90 2.18 2.06 2.19 2.45 
11 3.80 5.21 4.62 5.20 5.14 5.13 5.95 5.92 Ap 0.97 0.94 0.82 0.91 0.99 1.02 0.96 1.45 
0.1. 46.02 30.73 38.80 20.99 32.94 30.71 31.44 42.01 




















































































































































CP489 	cPOO 	CP491 	tP495 	CP496 	£P497 	CP498 	CP499 
S02 47.65 	45.37 	45.34 	50.30 	48.00 	50.08 	49.33 	47.75 
1102 	2.83 2.60 3.10 3.25 2.87 3.43 3.44 2.72 
*0203 17.51 	15.71 	15.69 	15.11 	17.44 	15.23 	15.20 	17.40 
F.203 11.95 13.77 14.52 12.32 13.06 12.15 13.09 11.38 
Hr%O 	0.44 	0.17 	0.31, 	0.23 	0.15 	0.21 	0.21 	0.36 
PIgO 	3.50 6.73 5.08 3.83 4.07 4.76 4.28 4.96 
Call 	7.43 	10.17 	9.27 	7.13 	5.48 	5.93 	4.87 	7.17 
8.20 	3.44 2.71 2.69 3.62 4.19 4.27 4.33 3.38 
E20 	1.88 	0.60 	1.24 	1.51 	0.95 	0.37 	1.64. 	1.79 
P205 	0.63 0.39 0.42 0.49 0.47 0.43 0.48 0.49 
total= 97.25 	99.20 	97.69 	97.79 	96.67 	96.97 	96.86 	97.41 
MI 	3 	04 
Cr 2 149 
V 	127 	304 
Sc 14 26 
Cu 	8 	41 
Zn 104 93 
Sr921 	548 
fib 	37 4 
Zr 299 	190 
Mb 	54 33 
8. 578 	723 
Pb 	3 - 
lh 7 	4 
1. 	41 26 
C. 90 	56 
Rd 	43 29 
1 35 	27 
0 	- 	- 
En 	2.49 0.61 
F. 	4.42 	0.54 
C.n 	0.82 4.11 
Ct. 	1.17 	3.61 
C.o 	1.98 7.93 
Fo 	3.34 	8.43. 
F. 	5.23 8.17 
Or 11.11 	3.52 
An 26.80 28.93 
Lb 29.07 	22.95 
Mt 2.05 2.36 
11 	5.38 	4.93 
C - - 
Ap 	1.08 	0.90 
D.J. 40.18 	26.47 
A, 	47.97 55.77 
Cp50l 
5902 49.68 	45.91 
7102 2.83 3.06 
*1203 16.80 	15.47 
F.203 11.79 13.96 
r - 	0.15 	1.21 
MgO 4.20 5.11 
COO 4.58 	9.09 
8.20 4.53 3.48 
820 	1.79 	0.44 
P205 0.62 0.44 
total. 96.97 	98.16 
Ml 	3 	27 
Cr 1 15 
V 	165 	453 
Sc 19 32 
Cu 	16 	7 
Zn 89 408 
Sr. 455 	445 
Rb 	20 7 
Zr 31?1 	221 
Rb 	49 34 
Da 725 	210 
Pb 	6 3 
Th 7 	6 
1. 	38 27 
co 89 	58 
lid 	41 . 	30 
1 39 . 32 
0 	- 	- 
N. - - 
En 	4.73 	0.15 
F. 	5.26 0.19 
Con - 	3.10 
Cf. 	- 3.95 
Coo - 	7.07 
F. 	4.01 6.63 
Pa 	4.91 	9.29 
Or 10.60 2.58 
An 18.67 	25.29 
Lb 38.35 29.47 
Mt 	2.03 	2.40 
11 	5.38 5.81 
C 	0.56 	- 
Ap 	1.44 .1.02 
0.1. 48.94 	32.05 
*,4 32.75 46.18  
5 	1 	 1 	6 
4 1 2 8 
228 	248 	209 	. 242 
26 28 28 22 
22 	6 	4 	15 
125 108 95 292 
439 	361 	393 	510 
9 1 16 34 
247 	256 	281 	267 
33 35 38 40 
353 	175 	613 	550 
11 20 85 6 
6 	8 	6 	4 
39 26 32 32 
76 	60 	66. 	70 
40 32 35 36 
46 	36 	40. 	32 
- 	. 	1.27 	- 	- 
5.87 	10.74 5.61 2.94 
7.69 10.19 	6.57 	2.77 
- 	111 0.73 1.12 
- 1.05 	0.86 	1.05 
- 	2.21 1.60 2.22 
2.99 - 	3.03 	5.81 
4.32 	 3.91 6.04 
5.63 2.16 	. 9.70 	10.55 
24.12 	21.32 17.10 27.04 
35.45 36.15 	36.63 	28.58 
2.24 	2.09 2.25 1.96 
5.45 6.52 	6.53 	5.17 
0.67 	- - - 
1.08 1.00 	1.11 	1.14 
41.07 	39.58 	46.33 	39.14 
40.50 37.09 31.93 48.62 
CP507 	CP51O 	CP5II 	p512 
46.18 	48.46 	46.80 	45.40 
2.85 3.12 3.25 2.74 
16.51 	17.10 	16.06 	15.17 
13.11 11.11 13.22 13.56 
0.64 	0.18 	0.17 	0.16 
4.89 5.24 3.68 7.73 
1.67 	6.62 	9.74 	8.84 
3.27 3.67 2.90 2.97 
1.32 	1.68 	1.16 	0.98 
0.43 0.54 0.60 0.40 
96.88 	97.61 	97.59 	97.94 
13 	17 	22 	128 
- 25 27 170 
362 	207 	266 	215 
24 22 24 22 
41 	.24 	37 	37 
131 92 102 105 
504 	579 	528 	556 
27 38 16 16 
229 	267 	212 	196 
35 44 . 33 25 
370 	512 	392 	258 
8 .3 	. 	5 3 
4 	6 5 	3 
28 49 	29 22 
58 	70 65 	47 
29 46 	34 26 
31 	43 32 	25 
- 	- 	- 	0.85 
1.64 5.71 3.98 - 
1.92 	4.50 	5.62 	- 
1.68 0.82 2.97 3.72 
1.96 	0.65 	4.18 	2.74 
3.67 1.52 	. 7.11 6.72 
6.22 	4.56 1.55 	10.89 
8.03 3.96 	2.40 8.85 
7.80 	9.94 6.85 	5.78 
26.45 25.67 	27.38 25.15 
27.70 	30.21 24.54 	23.60 
2.25 1.91 	2.27 2.33 
542 	5.92 6.18 	5,20 
1.0 - 	0 	1.25 	1.39 	0.92 
35.49 	40.15 	31.39 	30.23 
48.85 45.94 52.74 51.59 
322 
cp516 CP519 CPSIS CP520 CP521 CPS22 CPS23 524 
$102 47.38 46.98 54.15 68.90 51.41 46.94 45.85 48.10 
7*02 2.87 3.56 2.74 0.84 1.65 2.99 3.12 2.46 
*1203 18.30 15.21 16.65 17.45 16.18 16.79 16.46 16.94 
F.283 12.78 13.66 10.94 7.02 12.05 12.60 11.78 11.67 
MO 0.20 0.18 0.12 0.10 0.18 0.23 0.65 0.35 
N10 4.65 2.60 1.46 0.45 1.29 4.71 5.04 3.18 
C.O 1.81 8.10 4.11 1.85 5.72 7.93 8.95 7.13 
N.20 4.25 3.65 4.10 5.69 4.21 3.24 2.92 3.99 
0 3.01 1.31 1.81 3.33 2.47 1.60 1.42 2.09 
P205 0.47 0.72 1.01 0.31 0.86 0.57 0.51 0.91 
1.01 3.00 2.77 rid rid 3.05 nd rid rid 
total. 99.52 98.75 97.15 97.96 99.07 97.59 96.72 96.70 
Ml 3 2 2 1 115 220 203 169 
Cr 2 1 1 1 147 294 255 222 
V 235 202 126 4 213 272 262 230 
Sc 22 19 15 8 18 18 22 23 
Cu 10 9 4 1 20 48 64 37 
Zn 86 54 120 95 142 119 125 133 
Sr 782 614 624 411 983 966 914 609 
N. 68 27 40 76 12 8 3 - 
Zr 230 240 335 579 475 358 350 466 
-Nb 39 46 58 95 84 103 101 119 
Ba 1340 441 .634 10t14 1018 1322 905 103 
Pb 25 6 0 9 4 2 8 - 8 
Th 5 6 8 16 11 13 13 19 
1. 29 42 53 Al 66 74 76 108 
C. 66 82 120 164 143 150 155 202 
Nd 32 40 57 68 65 63 66 77 
7 29 36 42 56 34 32 33 38 
U - - 10.27 7.45 0.38 - - 
En 3.92 2.67 3.65 1.13 2.01 2.21 1.15 0.45 
F. 4.40 5.35 10.55 8.34 12.23 2.38 111 0.71 
2.04 - - 0.40 1.90 2.82 1.13 
Cf. - 4.09 - - 1.75 1.93 2.70 1.77 
Coo - 5.96 - - 2.00 3.78 5.64 2.86 
F. 5.36 1.25 - - - 5.40 6.02 4.45 
F. 6.63 2.75 - - - 6.40 6.37 7.69 
Or 17.80 7.73 10.71 19.68 14.58 9.46 8.41 12.31 
An 5.90 21.23 14.13 7.18 *1.95 26.51 27.59 22.59 
Lb 35.94 30.92 34.70 48.19 35.66 27.38 24.73 32.94 
Nt 2.20 2.35 1.88 1.21 2.07 2.16 2.02 2.01 
-11 5.45 6.77 5.21 1.60 3.13 5.69 5.93 4.67 
C 5.09 - 2.71 1.85 - - - - 
Ap 1.09 1.67 2.33 0.72 1.99 1.31 1.18 2.10 
0.1. 53.74 38.65 55.68 75.32 50.62 36.84 33.15 45.25 
Ai 14.11 40.71 28.93 12.97 33.49 49.25 52.73 40.69 
C?526 CP528 0529 CP530 CP532 CP533 CPS35 54C 
5*02 46.26 38.72 46.40 44.52 48.35 47.61 49.21 45.88 
TiO2 2.62 3.00 3.13 2.23 2.09 3.26 1.99 2.84 
*1203 16.83 17.02 16.93 14.03 16.75 14.03 20.48 16.73 
F0203 11.39 13.27 13.87 13.61 11.37 13.60 9.67 13.43 
N.0 0.31 0.19 0.18 0.28 0.23 0.36 0.27 0.18 
N 4.27 5.73 4.50 8.57 4.43 4.80 3.13 5.22 
CoO 9.04 9.55 7.80 10.55 8.10 7.70 6.83 7.17 
1620 3.09 2.59 3.05 1.73 3.32 3.39 4.13 3.25 
0 1.71 0.73 1.51 0.63 1.60 1.57 1.90 1.58 
P205 0.60 0.46 0.51 0.32 0.48 0.48 0.40 0.42 
1.01 3.26 8.20 rid 2.60 rid rid 2.65 rid 
total. 99.35 99.47 -- 97.87 99.08 91.51 97.61 98.66 96.71 
Na 12 7 4 251 239 7 39 237 
Cr 6 6 5 212 216 4 64 245 
V 17 78 42 266 255 4 318 267 
Sc 7 11 7 20 21 11 23 23 
Cu 31 10 35 67 42 32 14 57 
Zn 124 166 156 145 133 211 182 128 
Sr 763 770 945 1363 1310 550 643 1095 
N. 147 26 45 11 10 134 22 5 
Zr 719 401 427 345 316 710 196 370 
Nb 140 79 77 114 103 96 36 88 
8v, 1907 577 670 1317 1381 1950 492 1076 
Pb - . 	 - 2 5 8 13 5 2 
Th 4 3 5 15 16 5 11 10 
La 75 54 59 96 09 S8 31 63 
C. 173 125 141 185 177 149 73 135 
Nd 73 60 64 76 74 66 36 59 
7 57 40 40 41 37 59 25 33 
N. 0.28 5.17 - - - - 1.19 - 
En - - 3.20 5.96 	. 4.28 2.77 - 0.70 
F. - - 4.00 4.29 4.30 3.19 - 0.75 
Can 2.73 2.46 1.35 5.05 2.25 2.79 - 1.28 
Cf. 3.00 2.31 1.69 3.62 2.26 3.21 - 1.37 
Coo 5.80 4.88 3.06 9.03 4.59 6.05 - 2.69 
F. 5.54 9.27 4.66 7.24 3.16 4.48 5.67 7.72 
F. 6.73 9.59 6.42 5.73 3.51 5.68 6.94 9.10 
Or 10.13 4.32 8.91 3.75 9.45 9.30 11.23 9.35 
An 27.03 32.66 28.06 28.62 26.07 20.60 31.31 26.37 
Lb 25.54 12.39 25.78 14.66 28.10 28.70 32.71 27.53 
Mt 1.96 2.28 2.38 2.34 1.95 2.34 1.49 2.31 
11 4.97. 5.70 5.34 4.24 5.48 6.20 3.78 5.39 
C - - - . 	 - - - 0.15 - 
Ap 1.40 1.07 1.18 0.74 1.10 1.11 0.32 0.38 
B.I. 35.95 21.97 34.69 18.42 37.55 38.00 45.19 36.88 
AnS 51.42 72.50 52.11 66.12 48.13 61.78 48.86 48.93 
323 
cps*i cP942 OPS43 CPS" 54$ CPS" CPM 2 
SiO2 46.48 48.06 49.33 48.13 50.87 49.09 44.23 44.51 
Ti92 2.69 2.81 3.00 2.66 1.26 3.34 3.00 2.93 
*1203 17.88 17.55 16.40 17.62 13.93 15.91 16.79 16.18 
F.203 11.40 11.15 12.06 10.35 11.65 13.19 14.56 13.64 
M& 0.40 0.18 0.12 0.28 0.17 0.14 0.29 0.19 
4.39 3.90 4.64 3.29 6.65 2.50 5.89 5.69 
C 9.07 5.30 5.61 8.88 10.52 6.08 7.44 8.98 
Ne20 3.14 3.60 3.90 3.94 2.33 3.31 2.82 2.48 
IC20 1.45 1.51 1.72 1.56 0.66 2.22 1.60 1.69 
P295 0.38 0.46 0.48 0.46 0.16 0.57 0.42 0.39 
total- 97.35 91.52 96.87 91.18 98.20 96.45 97.02 96.67 
• 	 NI 87 295 180 153 31 12 13 52 
C, 278 421 167 161 35 2 12 83 
• 	 V 294 255 228 248 240 323 212 373 
Sc 28 ¶9 11 17 21 20 22 26 
Cu 20 30 . 	 37 32 26 10 II 34 
Zn 107 117 119 134 200 327 203 108 
•
Sr 521 829 2183 1146 363 661 697 743 
Rb 13 3 11 23 32 33 36 
Zr 213 301 384 408 272 215 261 187 
Ba 41 77 118 113 48 32 40 32 
433 763 1214 841 224 306 416 559 -. 
• 	 . 	 b 1 - - 4 3 5 7 114 42 2 	: 
Th 7 12 17 21 6 4 - 	 1 2 
• 	 1. 33 62 107 114 48 24 28 26 
• 	 5. 68 123 207 .224 96 56 69 57 
Nd 30 51 86 93 44 28 35 25 
• 	 Y 24 34 41 41 32 -27 34 26 
0 - - - - 1.89 1.25 - - 
N. 0.45 - - 1.89 - - 0.39 0.54 En 
- 1.26 5.97 - 10.91 5.84 -. - 
F. . 1.41 6.01 . - 9.32 11.41 - - 
5n 2.39 2.12 0.52 2.82 5.50 0.64 1.15 2.08 Cf. 2.60 2.36 0.52 3.51 4.75 1.25 1.21 2.85 
•• 	• 	 C.. 5.06 4.53 1.06 6.36 10.66 . 	 1.85 2.39 5.04 • . 
Fe 5.98 4.44 3.55 3.76 - -.- 9.47 7.91 • 	 . 	
F. 7.19 5.45 3.96 5.16 - - 10.94 8.65 
Or 8.57 0.90 10.14 9.20 3.09 13.11 9.44 9.97 
An 30.40 27.30 22.18 25.79 25.59 22.03 28.42 28.01 
• 	
. 	 A 25:75 30:45 33.03 29.87 19.75 27.97 23:18 20.01 
• 	 Nt 1.97 1.92 2.07 1.78 2.00 2.27 2.50 2.34 
II 5.11 5.34 5.69 5.06 2.39 6.34 5.69 5.56 
Ap 0.88 1.07 1.12 1.07 0.37 1.32 0.91 0.91 
0.1. 34.77 39.34 43.17 40.96 25.52 42.33 33.00 30.52 
Ai 5414 47.27 40.17 45.34 56.44 44.06 55.08 58.34 
• 	 •. 	 . 	 ••- 
Cp554 6 CPW CPSM C?561 CP562 CP563 CP565 
S192 44.51 49.90 51.34 44.73 45.71 45.66 45.69 45.32 TiO2 3.14 2.90 2.59 3.10 3.08 2.77 2.87 3.12 
*1203 15.15 17.45 16.55 15.30 15.16 17.30 17.97 15.57 F.203 14.34 10.52 10.40 15.21 14.86 14.10 13.59 14.07 
*I0 0.30 0.25 0.51 0.46 0.23 0.19 0.22 0.55 fl00 5.13 3.74 3.15 4.72 4.83 4.08 4.91 4.35 


















LOl id nd rid rid rid nd 3.24 rid 
total= 97.08 . 96.97 97.77 97.29 98.09 97.37 99.07 97.51 
• 	
NI 25 5 2 23 23 12 12 23 Cr 4 3 1 9 10 1 1 8 V 461 179 167 . 	 429 403 339 392 441 Sc 27 19 17 31 27 22 25 20 Cu 55 89 6 46 49 41 72 70 
• 	 Zn 198 -760 278 132 109 69 904 160 Sr 
•. 
558 579 -542 478 515 . 	 543 476 482 
• i 4 .- 	44 50 .26 27 . 	 25 . 20 6 Zr 







221 220 200 214 225 










255 Pb 22 25 2 9 . 	 .3 6 	.. 281 - Ti, 3 6 7 3 3 3 6 3 


















- F. - 8.24 6.90 0.45 .. 1.19 6.03 - 
Con 3.79 0.21 0.97 3.13 3.70 1.75 - 3.89 Cf. 4.64 0.23 1.36 4.36 4.79 2.57 - 5.37 
- Cue 9.46 0.44 2.32 7.46 8.49 4.29 - 9.23. Fe 6.31 0.99 1.36 5.82 5.83 5.33 4.91 4.87 F. 8.53 1.16 2.10 8.94 9.31 9.63 6.25 7.42 Or 3.65 11.78 12.91 7.40 7.52 7.80 6.62 2.68 An 25.56 24.85 19.53 26.18 24.99 29.87 24.44 26.21 An 24.24 31.79 
• 
35.10 22.38 23.71 25.34 30.61 26.19 
Ht 2.57 1.91 1.79 2.61 2.55 2.42 2.33 2.42 
11 5.96 5.50 4.92 5.88 5.85 5.25 5.46 5.93 C - 0.02 - 	 - - - - 1.85 - 
Ap 0.92 1.35 1.61 1.00 1.01 0.85 0.92 - 	 1.02 	• 	 - 	 - 
• 	 0.1. 29.02 43.57 
• 
49.07 29.78 31.28 -33.14 37.22 29.92 
AM 51.32 43.98 35.11 53.91 51.31 54:10 44.40 50.02 
324 
571 	CPS1 	CP573 	CPS74 
5198 45.71 49.96 46.51 47.24 45.27 46.71 
TiO2 2.78 2.70 2.59 2.58 2.24 2.78 
41203 16.99 17.82 16.15 16.03 13.69 15.27 
F.203 16.06 10.57 12.09 12.93 13.11 13.66 
rdtO 0.13 0.16 0.41 0.18 0.18 0.20 
2.47 3.41 5.65 6.05 10.11 6.13 
COO 6.39 5.10 9.72 5.08 8.86 9.03 
1b20 3.44 4.46 2.91 5.56 2.19 2.85 
1(20 0.76 1.67 1.32 0.35 1.04 1.01 
P205 0.36 0.38 0.66 0.67 0.39 0.57 
1.01 4.10 3.49 nd nd nd nd 
total- 99.18 99.72 96.91 96.66 9709 -- 98.22 
Mi 28 5 101 85 227 91 
Cr 30 1 138 112 358 143 
V 389 266 214 199 284 253 
Sc 33 24 18 23 26 22 
Cu 23 25 65 11 57 46 
Zn 78 188 197 98 98 111 
Sr 491 610 761 677 456 695 
ph 10 25 23 5 23 10 
ZT 184 232 233 229 186 233 
Nb 28 32 40 37 32 37 
8. 404 835 644 220 431 554 
Pb 4 22 6 5 1 - 
Tb 3 4 2 3 4 2 
Li 23 24 35 36 24 30 
En 50 55 80 78 54 79 
Nd .22 31 40 38 26 36 
Y 23 33 28 28 24 31 
N. - - - 3.16 - - 
En 4.62 5.08 4.68 - 3.93 4.56 
F. 13.13 6.11 4.30 -: 2.26 4.93 
Con 0.08 - 2.43 0.65 4.24 2.97 
Cf. 0.23 - 2.23 0.58 2.44 2.78 
Cue 0.29 - 4.76 1.26 7.06 5.88 
F. 1.02 2.39 4.87 10.11 11.91 4.95 
F. 3.18 3.16 4.93 10.08 7.53 5.12 
Or 4.49 9.89 7.78 2.04 6.12 5.97 
An 29.69 22.78 27.58 17.78 24.45 25.90 
Lb 29.07 37.74 23.76 41.18 18.57 24.09 
Mt 2.76 1.82 2.08 2.22 2.25 2.35 
11 5.28 5.13 4.93 4.91 4.26 5.28 
C - 0.32 - - - - 
Ap 0.82 0.09 1.52 1.56 0.92 1.70 
0.1. 33.56 47.63 31.54 46.38 24.69 30.06 
*m 49.67 37.64 53.72 30.15 56.84 51.82 
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APPENDIX IV 
TABLES OF REE DATA 
AS 	OCT 	HSS4 	HS76 	HSI28 	HS148 	HS155 	14S161 
La 30.38 15.91 49.58 25.47 21.94 21.55 30.84 36.14 
Co 61.56 71.38 103.99 54.88 48.21 46.59 62.83 72.73 
Pr 8.26 6.07 13.80 8.00 7.38 7.08 8.07 11.30 
Nd 29.77 24.49 54.65 29.60 27.96 26.17 30.86 37.16 
S. 5.82 13.41 10.69 6.22 6.00 5.51 5.99 6.89 
Eu 1.95 0.42 2.71 2.06 2.03 1.92 2.17 2.29 
Gd 5.49 21.44 8.97 5.57 5.47 5.20 5.55 6.18 
BY 4.61 34.47 7.92 4.25 4.19 4.49 4.54 5.20 
NO 1.04 6.97 1.52 0.95 0.92 1.05 0.96 1.52 
Er 2.51 19.60 4.44 2.16 2.23 2.60 2.48 3.14 
Yb 1.83 17.35 3.60 1.39 1.34 1.88 1.88 2.28 
Lu 0.29 2.16 0.57 0.21 0.20 0.28 0.29 0.34 
Y 22.56 214.10 37.81 19.26 18.29 22.05 22.45 25.49 
total= 176.07 	447.77 	300.25 	160.02 
	
146.16 	146.37 	178.91 	210.66 
• 	 La 92.3 48.4 150.7 77.4 	. 66.7 65.5 93.7 109.8 0 
C. 71.2 82.5 	, 120.2 63.4 55.7 ' 53.9 72.6 	. 84.1 
Pr 67.7 49.8 113.1 65.6 60.5 .58.0 66.1 92.6 
Nd .47.3. 38.9 	. 86.7 47.0 44.4 41.5, 49.0 59.0 
'S. 28.7 .66.1 52.7 30.6 29.6 27.1 29.5 33.9 
Eu 25.3 5.5 35.2 26.8 26.4 24.9 28.2 .29.7 
Gd 19.9 	' 77.7 32.5 20.2 19.8 '18.8 20.1 • 	 22.4 
Dy 13.4 .100.5 23.1 12.4 12.2 13.1 .13.2. 	' 15.2 
Ho, 13.7 . 	 91.7 20.0 12.5 12.1 13.8 12.6 .. 	20.0 
Er .11.2 87.1 ' 	 19.7 9.6 99 . 	 11.6 11.0 14.0 
Yb 8.3 78.9 . . 	 16.4 	' 6.3 6.1 8.5 	. 8.5 .10.4 
Lu 8.5 63.5 	. ' 	 16.8 	. 6.2 " 	 5.9 8.2 8.5 10.0 
13 119 1422 1421. 	. ' 	 1429 .. 	1439 571662 'K65 
La 38.12 50.40 29.47 . 	 21.10 36.22 33.69 44.50 33.59 
C. 76.43 97.93 59.57 43.36 74.51 69.30 100.72 74.96 
Pr 10.74 12.70 9.97 6.57 10.47 9.03 13.97 10.56 
Nd 37.54 44.87 32.00 23.41 37.85 33.94 58.49 44.24 
5. 6.98 7.72 6.10 ' 4.96 7.37 .6.54 11.85 10.10 
Eu 2.36 2.55 2.08 1.63 2.49 2.23 4.40 4.11 
Gd 6.09 6.43 5.49 . 	 4.79 6.90 .• 	6.00 11.39 9.68 
Dy 4.61 4.78' '4.87 4.39 5.92 4.94 819 7.55 
Ho- 1.20 ' 1.17 1.43 ' 	 1.04 1.42 1.09 . 	 1.70 1.50 
Er '2.55 2.66 3.14 2.54 3.37 2.69 . 	 4.14 3.64 
Yb '1.63 ' 	 . 	 .1.60 2.18 1.93 2.48 2.05 2.84 . 	 2.67 
Lu 0.25 0.24 0.33 0.29 0.39 0.32 0.42 0.41 
Y 20.96 '21.07 24.01 ' 22.02 29.07 24.37 39.72 34.94 
total= 209.46 254.12 180.64 138.03 218.46 196.19 302.33 .237.95 
La 115.9 ' 	 153.2 89.6 64.1 110.1 -102.4 135.3 102.1 
C. 88.4 113.2 68.9 50.1 86.1 80.1 116.4 .86.7 
Pr 88.0 104.1 81.7 53.9 	' 85.8 74.0 114.5 86.6 
Nd 59.6 71.2 50.8 37.2 60.1 53.9 	, 92.8 70.2 
S. 34.4 38.0 30.0 24.4 36.3 32.2 58.4 49.8 
Eu 30.6 33.1 27.0 21.2 32.3 29.0 57.1 53.4 
GO 22.1 23.3 19.9 17.4 25.0 21.7 41.3 35.1 
Dy 13.4 13.9 14.2 12.8 17.3 14.4 . 	 23.9 22.0 
No 15.8 15.4 18.8, 13.7 18.7 14.3 22.4 19.7 
'Er 11.3 .11.8 14.0 . 	 11.3 15.0 12.0 18.4 16.2 
Yb 7.4 7.3 9.9 ' 	 8.8 11.3 • 	 9.3 	. 12.9. 12.1 
Lu 7.4 7.1 9.7 8.5 11.5 9.4 12.4. 	' 12.1' 
KS? K18 180 , 186 187 " 	 188 196 BASS 
La 28.38 ' 	 32.24 30.12 99.65 .7496 66.37 55.67 45.40' 
Ce 59.06 71.08 82.20 183.50 151.13 133.93 120.54 94.68 
Pr 8.75 . .10.19 10.33 22.24 '17.43 16.10- 14.15 11.44' 
Nd 34.73 40.68 37.73 78.24 64.41 58.59 51.76 42.30 
Sm 8.23 8.80 7.03 12.60 10.69 10.42 9.48 7.71 
Eu 2.98 2.94 1.74 4.35 2.83 3.29 3.51 2.04 
Gd 8.16 8.15 6.51 10.20 8.69 8.99 8.83 6.70 
Dy 6.44 6.18 7.01 7.44 7.50 6.91 .7.74 6.24 
No 1.36 1.26 1.53 1.85 1.53 1.59 1.76 1.30 
Er 3.20 2.94 4.32 4.10 4.33 3.74 4.50 ' 	 3.82 
Yb 2.15 1.93 3.89 2.68 3.37 2.79 . 3.43 3.18 
Lu 0.32 0.28 0.61 0.40 0.51 0.42 0.52 0.52 
V 30.68 . 	 28.56' 32.40 35.31 33.00 33.30 39.45 29.72 
-total= 194.44 215.31 233.42 462.56 380.38 346.44 321.34 255.05 
La 86.3 99.0 115.9 302.9 227.8 201.7 169.2 138.0 
Ce 68.3 82.2 95.0 212.1 174.7 154.8 ' 139.4 109.5 
Pr 71'.7 83.5 '84.7 182.3 142.9' 132.0 116.0 93.8 
Nd 55.1 '64.6 59.9 124.2 102.2 93.0 82.2 . 	67.1 
S. 1-0.5 43.7 34.6 62.1 52.7 	• 51.3 46.7 	' 38.0 
Eu 38.7 	- 39.2 '22.6 56.5 36.8 42.7 45.6 26.5 	- 
Gd 29.6 29.5 - 	 23.6 37.0 31.5 	• 32.6 32.0 24.3 
Dy 18.8. --18.0 20.4 21.7 21.9 ''20.1 22.6 18.2 
No 17.9. 16.6 20.1 .24.3 20.1 20.9 23.2 17.1 
Er 14.2 13.1 19.2 . 	18.2 19.2 16.6 20.0 17.0 
Yb 9.8 8.8 17.7 12.2 15.3 - -12.7 15.6 14.5 
Lu 9.4 82 179 11.8 15.0 12.4 15.3 15.3 
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Bill 	9113 	9115 	CP125 	CP132 	CP136 	HBL 	K1160 
	
La 41.63 30.55 
C. 80.41 	60.16 
Pr 11.34 8.68 
Rd 38.25 30.77 
S. 	7.10 	6.13 
Eu 2.43 2.07 
Gd 6.48 5.73 
Dy 	5.16 	4.73 
Ho 1.45 1.15 
Er 	2.73 2.51 
Yb 1.86 	1.76 
Lu 0.28 0.26 
Y 24.54 	22.84 
total 223.66 177.34 
La 126.5 	92.9 
C. 93.0 69.5 
Pr 93.0 71.1 
Nd 60.7 	48.8 
S. 35.0 30.2 
Eu 31.6 26.9 
Gd 23.5 	20.8 
Dy 15.0 13.8 
NO 19.1 15.1 
Er 12.1 	11.2 
Yb 8.5 8.0 
Lu 	8.2 7.6 
KilTi 	KT171 
La 21.05 20.03 
Ce 44.96 	42.74 
Pr 	6.15 6.06 
Nd 24.55 23.47 
S. 5.41 	5.18 
Eu 	1.81 1.70 
Gd 5.39 5.09 
Dv 4.72 	4.48 
Ho 0.94 0.93 
Er 	2.41 2.40 
Yb 1.87 	1.77 
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Y 23.08 	21.96 	25.92 	28.24 	25.66 	26.31 	26.11 	27.50 
total= 142.63 136.08 166.20 203.78 207.56 216.83 232.05 193.93 
La 64.0 	60.9 	85.2 . 	93.7 	111.3 	118.9 	125.4 	80.3.. 
Cc 52.0 49.4 70.8 81.8 84.1 87.5 97.0 67.4 
Pr 50.4 49.7 73.6 77.1 81.2 83.4 90.0, 716 
Nd 39.0 	37.3 	53.6 	54.5 	56.5 	59.3 	64.7 	53.7 
S. 26.7 25.5 34.8 32.4 33.3 35.7 38.2 35.6 
Eu 23.5 22.1 33.0 27.4 29.0 33.0 32.3 32.7 
Gd 19.5 	18.4 	24.5 	21.6 	22.1 	24.3 	24.9 	24.6 
BY 13.8 13.1 16.0 18.5 15.1 15.5 16.0 16.5 
No 12.4 12.2 16.2 18.6 15.8 16.1 16.1 16.3 
Er 10.7 	10.7 	12.8 	17.1 	13.3 	12.5 	13.0 	14.0 
Yb 	8.5 8.0 9.1 15.6 10.1 9.0 9.2 10.3 
Lu 8.5 7.9 8.8 15.9 10.3 8.8 8.8 10.0 
CP239 	CP254 	8333 	8336 	LC371 	LC373 	CP405 	CP405 
La 18.85 23.57 27.80 25.83 44.31 25.83 39.04 38.94 
C. 41.36 	52.09 	60.16 	55.58 	80.42 	56.16 	79.98 	79.94 
Pr 	6.29 7.74 . 	8.50 7.90 10.04 8.11 10.20 10.25. 
Nd 23.94 29.56 32.20 29.98 36.52 31.01 38.44 38.53 
So 5.34 	6.57 	6.78 	6.38 	7.24 	6.65 	7.60 	7.60 
Eu 	1.87 2.23 2.32 2.20 2.21 2.25 2.54 2.53 
Gd 5.21 6.44 6.58 6.20 6.72 6.49 7.14 7.06 
By 	4.56 	5.34 	5.67 	5.36 	5.46 	5.55 	5.98 	5.97 
No 1.00 1.20 1.27 1.20 1.29 1.22 1.26 1.26 
Er 	2.51 2.97 3.02 2.89 3.00 2.98 3.17 3.19 
Yb 1.87. 	2.30 	2.39 	2.27 	2.32 	2.28 	2.50 	2.52 
Lu 	0.29 0.35 0.37 0.35 0.36 0.35 0.39 0.38 
Y 22.60 	27.53 	28.52 	27.29 	29.27 	27.41 	30.25 	30.18 
total= 135.69 167.89 185.56 173.43 229.16 176.29 228.49 228.35 
La 57.3 	71.6 	84.5 	78.5 	134.7 	78.5 	118.7 	118.4 
C. 47.8 60.2 69.5 64.3 93.0 64.9 92.5 92.4 
Pr 51.6 63.4 69.7 64.8 82.3 66.5 83.6 84.0 
Nd 38.0 	46.9 	51.1 	47.6 	58.0 	49.2 	61.0 	61.2 
5. 26.3 32.4 33.4 31.4 35.7 32.8 37.4 37.4 
Eu 24.3 29.0 30.1 28.6 28.7 .29.2 33.0 32.9 
Gd 18.9 	23.3 	23.8 	22.5 	24.3 	23.5 	25.9 	25.6 
Dy 13.3 15.6 16.5 15.6 15.9 16.2 17.4 17.4 
Ho 13.2 15.8 16.7 15.8 17.0 16.1 16.6 16.6 
Er 11.2 	13.2 	13.4 	12.8 	13.3 	13.2 	14.1 	14.2 
Yb 	8.5 10.5 10.9 10.3 10.5 10.4 11.4 11.5 










































































































'16.2 ' 16.8 
17.6 	17.8 
13.6 . ' 	13.6 
10.2 10.5 
10.3 . 	10.3 




V.I. X-Ray Fluorescence Spectrometry (XRF) 
Samples were analysed for 10 major and 17 trace elements using a 
Philips PW1450/20 automatic X-Ray fluorescence spectrometer. Major 
elements were analysed on glass discs prepared by fusion using a borate flux 
(Johnson Matthey Spectroflux 105R)•  Rock powders were not ignited prior to 
fusion but where weight losses were significant, loss on ignition checks (LOl) 
were carried out. These are reported in Appendix Ill. Trace elements were 
analysed on pressed powder pellets with matrix corrections calculated from 
sample major element compositions. 
Details of rock crushing procedure, and preparation of fused glass discs 
and pressed powder pellets are given by Thirlwall (1979), Fitton et at (1984) 
and Fitton and Dunlop (1985). Samples were analysed along with USGS and 
CRPG international standards and standard concentrations given by Abbey 
(1980) were used to calibrate each element. All sample counts were ratioed to 
monitor counts in order to correct for instrument drift. Four separate glass 
discs and pressed powders of basaltic sample B1 - 13 were analysed and the 
mean and standard deviation (lo) of the results, along with an estimate of 
accuracy (RMSD) are reported in Table V.I. 
V.11. Electron probe microanalysis 
Mineral analyses were carried out using the Cambridge Instruments 
Microscan 5 electron probe at the Grant Institute of Geology. A focussed 1-2 
pm beam was used with a sample penetration depth of 3pm. Standards were 
used for Si, Al, Mg, Fe, Ti, Mn, K, Na, Ca, Ni, Cr and Ba, and corrections were 
made for dead-time, atomic number, atomic absorption and fluorescence, after 
the method of Sweatman and Long (1969). Further procedural details are given 
by Thirlwall (1979) and details of detection limits and precision are outlined by 
Russell (1985). 
V.111. Inductively coupled plasma spectrometry (ICP) 
Fifty samples were chosen for REE analysis using the Philips PV8210 
1.5-rn inductively coupled plasma spectrometer at Kings College, University of 
London. The ICP method involves the chromatographic separation of REE from 
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Table V.I. Typical accuracy (RMSD) and reproducibilty (la) of data analysed by 
X-Ray fluorescence (sample 131 13). 
Wt % oxide Mean (N=4) la RMSD 
Si02 43.16 0.24 0.26 
Ti02 2.39 0.006 0.01 
A1 203 13.08 0.09 0.18 
Fe203 12.50 0.05 0.05 
MnO 0.18 0.001 0.005 
MgO . 11.86 0.08 0.07 
CaO 10.07 0.01 0.03 
Na 20 1.58 0.06 0.06 
1(20 1.48 0.01 0.03 
P205 0.49 0.005 0.01 
ppm 
	 Data from Fitton 
et al. (1984) 
Ni 302 1.5 4.3 
Cr 342 1.7 11.0 
V 262 3.3 11.5 
Sc 25 0.001 2.4 
Cu 59 1.0 5.3 
Zn 86 0.6 5.0 
Pb * * 4.0 
Sr 819 2.2 9.6 
Rb 37 0.5 3.5 
Zr 163 1.5 14.8 
Nb 51 0.8 2.4 
Ba 889 6.8 39..0 
Tb * * 2.8 
La 30 2.6 5.6 
Ce 66 1.3 13.5 
Nd 29 0.8 3.6 
Y 26 0.5 3.4 
* Pb and Tb concentrations below detection limit. 
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rock powders using cation exchange columns. The analyte solution is injected 
into a high temperature (6000-10000 K) flame such that spectral lines are 
excited by ionic as well as atomic species. Details of selected spectral lines 
and operating parameters used in the analysis are reported by Walsh et at 
(1981). 
V.111.1. Dissolution procedure 
Dissolution of rock powders was performed by weighing 0.5 g of sample 
into a platinum crucible, to which 4 mIs of HCI0 4 and 15 mIs of HF were added. 
The crucibles were then evaporated to dryness on a hot sandbath. When cool, 
5 mIs of concentrated HCI were added to each crucible and the samples-were 
left on a hotplate for a further five minutes to dissolve. Complete dissolution 
of samples was achieved by this method. Solutions were then diluted by 
adding 100 mIs of distilled H 20 prior to loading on the ion exchange columns. 
V.111.11. REE separation 
Chromatographic separation wat performed using glass columns of 20 
mm internal diameter and 250 mm length, with a glass sinter disc and PTFE 
burette tap at the base (Walsh et al. 1981). Columns were loaded to a settled 
height of 10 cm with DowexR  AG50W-X8, 200-400 mesh cation exchange resin 
and washed with 200 mIs of distilled H 20 prior to sample loading. Samples 
were loaded on the columns and once passed through the resin, were eluted 
with 450 mIs of 1.7M HCI. A further 600 mIs of 4M HCI was then added and 
this portion was collected in pyrex beakers after being first filtered through a 
Wh atmanR No. 42 filter paper to remove particles of resin. The separated 
aliquots were evaporated to dryness and stored. For ICP analysis, samples 
were redissolved in 5 cm  of 10% HNO 3 . 
V.111111. Standards and blanks 
Ion exchange separations were carried out in batches of eight, each 
batch including a blank and one Kings College standard. Blanks went through 
the entire chemical separation procedure to ensure that sample memory on the 
columns was minimal and that all equipment was clean. Mean blank values for 
each element are given in Table V.11. The blank concentrations were negligible. 
Analytical precision of the ICP method, based on replicate analyses, has 
been calculated by Walsh et at. (1981) and is presented in Table V.111. 
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Table V.11. REE concentrations of blanks analysed by ICP during the course of 














Table V.111. Precision estimates for REE data analysed by ICP, based on replicate 
analyses (from Walsh et al. 1981). 
Mean (N=15) 2a RSD (%) 
La 5.83 0.75 6.5 
Ce 12.3 0.86 3.5 
Pr 1.89 0.16 4.3 
Nd 9.64 0.67 3.5 
Sm 2.48 0.11 2.2 
Eu 0.90 0.02 1.1. 
Gd 2.59 0.14 2.7 
Dy 2.96 0.05 0.9 
Er 1.75 0.08 2.3 
Yb 1.79 0.04 .1.8 
Lu 0.28 0.01 1.8 
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Table V.IV. Accepted and measured values for standards KC10, KC11 and KC12 
analysed by ICP. 
Accepted Measured 
KC10 La 4.3 4.8 
Ce 9.2 9.7 
Pr 1.6 2.3 
Nd 6.8 6.7 
Sm 1.7 1.7 
Eu 0.8 0.7 
Gd 1.9 1.8 
Dy 2.0 1.9 
Ho 0.4 0.5 
Er 1.3 1.5 
Yb 1.1 1.1 
Lu 0.2 0.2 
KC11 La 23.0 22.1 23.3 24.2 
Ce 49.0 47.2 48.9 50.7 
Pr 5.9 6.7 7.2 7.5 
Nd 26.5 25.0 25.4 26.1 
Sm 5.2 5.0 5.0 5.1 
Eu 1.4 1.4 1.4 1.5 
Gd 5.0 4.7 4.6 4.8 
Dy 4.5 4.3 4.3 4.5 
Ho 1.0 0.9 1.0 1.1 
Er 2.7 2.6 2.8 2.9 
Yb 2.2 2.0 2.1 2.2 
Lu 0.3 0.3 0.3 0.3 
KC12 La 
: 	
37.0 29.2 32.7 32.7 
Ce 70.0 54.8 59.6 61.6 
Pr 7.2 6.8 7.5 7.3 
Nd 27.0 19.7 23.2 23.9 
Sm 3.3 2.6 3.1 3.2 
Eu 1.1 0.8 1.0 1.0 
Gd 2.1 1.6 1.9 2.1 
Dy 1.2 1.0 1.1 1.2 
Ho 0.3 0.5 0.4 0.4 
Er 0.5 0.9 0.9 0.8 
Yb 0.5 0.4 0.4 0.5 
Lu 0.1 0.1 0.1 0.1 
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Standards KC10, KC11 and KC12 were also taken through the dissolution 
and exchange procedure and are reported in Table V.IV. Comparison with 
accepted standard values (Table V.IV) is generally good. 
Table V.V shows the covariation of the elements La, Ce, Nd and Y 
between XRF analyses and those determined by ICP. Since V tends to be 
readily lost from the analyte in the REE separation process, this element is a 
useful check on the reliability of the HREE analyses. 
A synthetic  standard containing all the REE and V was analysed after 
every tenth sample to check for instrument drift. Although concentrations 
increased slightly throughout the run, the drift was considered negligible and 
has not been corrected for. 
In addition, a set of interference standards: Ce (20 ppm), Sr (50 ppm), Ba 
(50 ppm), Ca (50 ppm), Fe (50 ppm) and Zr (50 ppm) were analysed between 
sample analyses in order to determine the interferences from these elements 
on the REE. Interference effects were minimal. 
Since the blank, instrument drift and interference effects were all 
negligible, no corrections have been applied to the ICP data. The overall 
agreement between analysed and accepted standard values, and between XRF 
and ICP analyses for the elements La, Ce, Nd and V indicates the reliability of 
the analysed data (Table V.V). 
V.IV. Mass spectrometry 
Sr, Nd and Pb isotopic analyses were performed at the Scottish 
Universities Research and Reactor Centre at East Kilbride. Sr isotopic analysis 
was carried out using the VG MM30B mass spectrometer. Nd and Pb isotopic 
analyses were performed using the VG lsomass 54E machine. All chemical 
separations were carried out in clean laboratories installed with HEDA filtered 
clean air overpressure units. All teflonware was thoroughly cleaned in HNO 3, 
HCI and distilled H 20 prior to use. 
V.IV.I. Sr isotopic analysis 
Most of the samples chosen for Sr isotopic analysis were analysed by 
isotope dilution for the determination of their Rb and Sr concentrations. This is 
necessary in order that accurate corrections for the radioactive decay of 87  R 
to 86  Sr may be made. In samples where Rb/Sr ratios are low however, the 
difference between the measured 87 Sr/ 86Sr and the initial value should be 
small. For this reason, several basaltic rocks with low Rb/Sr ratios have been 
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Table V.V. Covariation of XRF and ICP data for all analysed samples for the 
elements La, Ce, Nd and V (XRF/ICP ratio). 
Sample La Ce Nd V 
A6 1.053 1.104 0.940 1.150 
GC7 1.195 1.345 1.265 1.112 
HS54 1.512 1.712 1.389 1.402 
HS76 1.020 1.038 0.878 1.088 
HS128 1.050 0.975 0.893 1.093 
HS148 1.019 1.009 0.878 1.086 
HS155 1.039 1.083 0.939 .1.111 
HS161 1.108 1.073 0.968 1.098 
L3 1.024 1.073 0.987 1.048 
L19 1.071 1.103 0.958 1.090 
H22 0.983 1.107 1.000 1.125 
H24 0.948 0.853 0.726 1.045 
H29 0.939 0.980 0.897 0.997 
H39 1.108 1.154 1.062 1.107 
S71662 1.056 1.162 1.060 1.134 
K65 0.982 1.093 1.041 1.089 
K67 0.704 0.896 0.893 1.042 
K78 1.180 1.252 1.106 1.189 
L80 1.811 1.727 1.379 1.543 
L86 1.034 1.144 1.049 1.133 
L87 1.747 1.674 1.444 1.485 
L88 1.039 1.135 1.041 1.141 
1-96 1.077 1.145 1.062 1.168 
BASS .1.806 1.753 1.513 1.414 
Bill 0.865 1.132 0.940 .1.143 
B113 0.850 1.096 0.909 1.184 
B115 1.022 1.073 0.942 1.111 
CP125 1.037 1.047 0.899 1.102 
CP132 1.015 1.105 . 	 0.956 1.161 
CP136 0.968 1.000 0.909 1.079 
HBL 1.176 1.335 1.451 1.698 
KT160 0.754 0.874 0.783 0.968 
KT171 1.050 1.054 0.894 1.091 
KT181 0.929 . 	 1.013 0.976 1.081 
KT183 1.883 1.726 . 1.399 1.393 
F195 1.066 1.059 0.927 1.051 
F198 1.049 1.096 0.963 - 	 1.065 
F199 0.896 0.954 0.885 0.996 
CP236 0.985 1.081 0.947 1.091 
CP239 1.170 0.990 0.962 1.106 
CP254 1.017 0.998 0.912 1.018 
B333 . 	 1.007 1.013 0.932 1.053 
B336 1.047 1.079 1.000 1.062 
LC371 0.474 0.535 0.575 0.819 
LC373 1.047 1.032 0.903 1.022 
CP405 1.050 1.050 0.989 0.992 
BK457 1.001 1.116 1.036 1.103 
BK458 1.032 1.031 0.947 1.166 
CP465 1.046 1.081 0.948 1.107 
CP466 1.010 1.011 0.940 1.066 
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analysed unspiked, and for these samples, 87Rb/86Sr ratios have been calculated 
from XRF data. Nine of these samples were later re-analysed by isotope 
dilution as a reproducibility check. The agreement is generally good and is 
reported in Table V.Vl. 
V.IV.l.l. Dissolution procedure 
Samples were accurately weighed (0.02 g to 0.1 g depending on the Rb 
and Sr concentration in the samples) into clean PTFE beakers. Samples 
analysed by isotope dilution were spiked during the weighing procedure. Spike 
solutions used were 87 R and 84  Sr, both isotopes being enriched to greater 
than 99°Io. Samples were then dissolved in 10 mIs of HF with 1 ml of HNO 3 
•added to prevent the precipitation of insoluble fluorides. Samples were then 
left on a hotplate overnight at 150 0c before being evaporated to dryness. 
Approximately 20 mIs of dilute HNO 3 were then added to each beaker and 
samples were again left of a hotplate overnight to digest. After again being 
evaporated to dryness, samples were dissolved in 2 mIs of 2.5M HCI and 
solutions were then centrifuged before being separated by ion exchange. 
V.IV.l.lI. Ion exchange procedure 
Rb and Sr were separated chromatographically using standard cation 
exchange columns loaded with Blo RadR  AG20-50W X8 200-400 mesh cation 
resin in hydrogen form. Columns were precleaned and backwashed using HCl 
and distilled H 20 and were pretreated with 2.5M HCI. The elution and 
collection of Rb and Sr aliquots was carried out in 2.5M HCI. Sample solutions 
were then evaporated to dryness. 
VJV.l.11l. Rb-Sr mass spectrometry 
Rb was analysed on triple Ta filament beads, previously outgassed at 
3.5A for 15 minutes. Sr analyses were conducted using outgassed single Ta 
filament assemblies (Halliday et al., 1983, 1984). All isotopic data were 
subsequently corrected for machine discrimination using an 88Sr86Sr ratio of 
8.37521 (Faure and Hurley, 1963; Nakamura et al., 1976). Blanks throughout the 
separation procedure were less than 5 ng and negligible. The average 
87Sr/86Sr ratio for NBS987 during the course of the analysis was 0.71027 + 5 
(2O mean, N=6). The 87Sr/86Sr value for NBS607 was 1.20035 + 4 and the 
87 Rb/86Sr was 23.4983. 
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Table V.VL Comparison of Rb and Sr concentrations determined by isotope 
dilution (ID) and XRF. Natural 87Sr/86Sr was calculated from the spiked analysis 
using a minor correction (US: unspiked). 
Sample Rb ID 	RbXRF 	Sr10 	SrXRF 	Sr/Sr,. 2a 87Sr/Srus 2a 
HS54 111.3 104 87.0 82 0.72187 4 0.72199 3 
HS76 16.1 17 496.6 508 0.70362 4 0.70365 4 
HS94 21.7 23 1269.3 1265 0.70388 . 	 3 0.70389 3 
HS128 16.8 17 487.2 502 	' 0.70444 7 0.70452 3 
HS 148 21.9 23 541.5 552 0.70394 3 0.70400 4 
HS161 7.9 8 932.2 926 0.70469 2 .0.70451 3 
L3 31.1 32 880.9 "899 0.70378 6 0.70387 3 
L19 5.1 5 814.9 828 0.70318 4 0.70329 3 
H22 29.8 32 697.6 712 0.70397 3 0.70402 4 
Table V.Vll. Measured values for standard NBS981 during the course of Pb 
isotopic analysis. Values correspond to mass fractionation of 0.06% to 0.1% 
per mass unit. Corrections for this have been applied accordingly to all sample 
data. 
206  2a Pb/204 2a 208Pb/204Pb 2a 
16.913 3 15.467 4 36.621 6 
----16.900-------- 8 	- -1-5-.-464--- 4- 36601 	' 11 
16.908 7 15.463 4 36.638 13 
16.930 7 15.476 ., 4 36.681 15 
16.916 1 15.466 3 36.628 4 
16.903 2 15.447 2 36.557 6 
Mean: 	 16.914 4 15.468 3 36.633 10 
Accepted: 	' 16.937 15.491 36.721 
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V.IV.11. Nd isotopic analysis 
V.IV.11.l. Dissolution and isotope dilution 
Dissolution was performed using screw-top PFA teflon beakers. 
Between 0.05 g and 0.2 g of powdered sample were accurately weighed into a 
beaker and 9 mIs HF and 1 ml HNO 3 were added. Dissolution was achieved by 
heating the samples on a hotplate at 150 0c for 12-24 hours. Solutions were 
evaporated to dryness under covered clean air evaporators with infra-red 
lamps, redissolved in dilute HNO 3 and returned to a hotplate overnight. 
Samples were again evaporated to dryness and redissolved in HCI. At this 
stage, sample solutions were split and one third of each sample solution was 
spiked with 145Nd and 149Sm spike solution. All samples were again returned 
to a hotplate overnight to ensure thorough equilibration with the spike 
solutions. Solutions were evaporated once more, taken up in 2 mIs of 2.5M 
HCl and were centrifuged prior to ion exchange. 
V.IV.11.11. Ion exchange procedure 
REE were separated using two different methods: 
Method 1 
Sample solutions were eluted using three different ion exchange 
columns, in a method similar to that of Hooker et al. (1975) and O'Nions et al. 
(1977). The first ion exchange involved the elution of the major elements and 
most of the trace elements using standard cation exchange columns and Bio 
Rad AG20-50W X8 200-400 mesh resin. Elution was performed using 2.5M 
and 6M HCI. REE aliquots were collected in 6M HCl and evaporated to dryness. 
The second exchange was performed using a set of anion exchange 
columns with Bio RadR  AG1 X8 200-400 mesh resin, in order to separate Ba 
from the REE aliquots collected earlier (Korkisch, 1969; Hooker et al. 1975). 
Samples were dissolved in 2 mIs of concentrated HNO 3 and re-evaporated. 
Column• pretreatment and sample elution was conducted using an acid 
compound consisting of 90% CH 3COOH and 10% 5M HNO 3. The REE aliquot 
was finally collected in 10 mIs of 0.05M HNO 3 . 
The third ion exchange was carried out using the same anion exchange 
resin in water jacketed columns, connected to a thermostat for temperature 
control (O'Nions et all, 1977). Elution was carried out using two different acid 
compounds: 'potion 2' consisted of 75% CH 30H, 10% 8M CH 3COOH, 10% 5M 
HNO 3 and 5% H 20. 'Potion 3' was a compound of 75% CH 30H, 4.6% CH3COOH, 
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1.6% HNO3 and 18.8% H 20. Ion exchange columns were pretreated with potion 
2 and kept at 250c. Sm was collected in potion 2 at this temperature. Nd 
aliquots were collected in potion 3 at 350c. Sample solutions were then 
evaporated to dryness and converted to nitrate to remove any remaining 
organic material. 
Method 2 
This technique involved the use of only two ion exchange columns. The 
first separation was performed using quartz cation exchange columns by the 
elution of 2.51VI HCI followed by 3M HNO 3 . REE aliquots were collected in 
HNO 3 . 
The second separation involved the use of PTFE teflon filled columns, 
following the method of Richard et 8/. (1976), Hart and Brooks (1977) and 
Zindler et at (1979). Columns were pretreated and samples loaded using 0.31M 
HCI. Elution was carried out using 0.155M HCI, 0.31M HCI and 0.62M HCI. Nd 
aliquots were collected in 0.31M HCI and Sm aliquots were later collected in 
0.62M HCI. 
VIV.Il.11l. Sm—Nd mass spectrometry 
Nd and Sm samples were all analysed as metal species (Halliday et a!, 
1983, .1984) using standard triple filament assemblies with Ta side filaments 
and Re centre filaments. Filaments were outgassed previously at 3A for 15 
minutes in a vacuum better than 10 torr. During the course of the analysis, 
blank levels were less than 1 ng. The Johns-on Matthey Specpure Nd metal 
standard gave a value for 143Nd/ 144Nd of 0.511811 + 21 (2°mean)'  145Nd/144Nd 
of 0.348403 14 and BCR1 gave a value for 143Nd/ 144Nd of 0.512617 + 20 and 
45 Nci,' 144Nd of 0.348424 + 21. These results fall well within the accepted range 
of standard values. 
VJV.lIl. Pb isotopic analysis 
All U and Pb concentrations were determined by isotope dilution. 
Sample dissolution, spiking and centrifuging techniques were as for Nd, using 
approximately 0.2 g of sample (accurately weighed) and a combined 235U/206 Pb 
spike solution. 
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VJV.11l.l. Ion exchange procedure 
Separation of Pb and U involved three separate ion exchanges using two 
sets of columns. The first Pb separation was done using small quartz columns 
loaded with Bio RadR  AG1 X8 200-400 mesh anion exchange resin in chloride 
form to a settled volume of 0.2 cm 3 . A cotton wool bung was used at the 
base. New resin was used for each batch of samples, and the columns were 
precleaned before use. Centrifuged sample solutions were loaded in 1M HBr 
and elution was carried out with 1M HBr and 2M HCI. U and Pb aliquots were 
collected in 2M and 6M HCI respectively. 
A second set of columns was used to further purify the U aliquots. 
Larger quartz columns (0.7 cm internal diameter) were used, loaded with 
chloride form anion exchange resin to a settled volume of 1.5 cm 3. Columns 
were pretreated with 7M HNO 3 and elution was carried out using 7M HNO 3 and 
6M HCI The U aliquot was finally collected in 12-15 mIs of H 20. 
Pb aliquots were again put through the small quartz columns, loaded 
with the same resin, to ensure further purification. Columns were precleaned 
using 6M HCI and H 20 and then pretreated with 1M HBr. Samples were also 
loaded in HBr. Pb aliquots were finally collected in 6M HCl. All Pb and U 
aliquots were evaporated to dryness and converted to nitrate prior to analysis. 
V.lV.11l.11. U-Pb mass spectrometry 
U samples were loaded onto single W filament beads (previously 
outgassed at 5A for 20 minutes and further annealed at 3A for 10 minutes), 
using H 3PO 4 and Ta oxide powder, and using HNO 3 to dissolve samples. 
Pb samples were loaded onto single Re filaments (outgassed at 4A for 
15 minutes), using H 3PO 4 and silica gel and samples were dissolved in HNO 3 . 
Table V.Vll shows analyses for standard NBS981 which correspond to mass 
fractionation of 0.06% to 0.1% per mass unit; correction for this has been 
applied to all sample analyses. Blank levels during the course of the analysis 
were approximately 1 ng and insignificant. 
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Table V.Vlll. Comparison of sample Nd concentrations analysed by three 
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Lower Carboniferous lavas from the Midland Valley and adjacent regions of Scotland are mildly alkaline and 
intraplate in nature. The sequence is dominated by basalt and hawaiite, although mugearite, benmoreite, trachyte and 
rhyolite are also present. Basic volcanic rocks display the LIL element and LREE enrichment typical of intraplate alkali 
basalt terrains. Low initial 87 Sr/ t6 Sr (0.7029-0.7046), high f Nd (-0.4 to + 5.6) and moderately radiogenic 206 
 Ph/ 204 Pb 
(17.77-18.89) ratios are also comparable with alkali basalts from other continental rifts and oceanic islands. 
When the Carboniferous lavas are compared with subduction-related lavas of Old Red Sandstone age, erupted in and 
around the Midland Valley ca. 50 Ma earlier (at 410 Ma) remarkable similarities are apparent. Significant overlap 
occurs in Nd and Pb isotopic compositions. Sr isotopic compositions are, however, more radiogenic in the older 
subduction-related lavas. This, combined with high K and Rb concentrations in ORS lavas may be explained by the 
incorporation of a sediment component derived from the subducted slab, which by Lower Carboniferous times had been 
lost from the mantle source region by convection. A pronounced negative Nb anomaly in the ORS subduction-related 
lavas may be explained by the retention of a Nb-bearing phase in the mantle during hydrous melting of the mantle 
wedge above the subduction zone. 
Allowing for the effects of the added component from the subducted slab, there appears to be no necessity to invoke 
separate mantle source regions for the two suites of lavas: both may have been derived from chemically similar portions 
of mantle. If volcanic arc lavas are derived from the mantle wedge, the implication is that such a source lies at relatively 
shallow depth within the upper mantle: the same may therefore apply to the Carboniferous continental rift basalts. This 
evidence, combined with the fact that there is no evident hot-spot trail across the Midland Valley despite a long period 
of within-plate volcanism and rapid plate movements during the Carboniferous, suggests that the alkali basalt 
magmatism is not the product of a deep-seated mantle plume. Rather, the volcanism appears to owe more to passive 
rifting and to diapiric upwelling from a source region within the uppermost mantle. 
I. Introduction 
The relationship between magmas developed at 
plate margins and those in within-plate settings 
has long been uncertain. Indeed, it has tradition-
ally been assumed that no relationship at all exists 
between the two suites of magmas. Volcanic arc 
systems are chemically complex and as a result, 
are frequently omitted from chemical and isotopic 
models of the evolution of the earth's mantle. 
Since most workers would agree that subduction-
related magmas are derived ultimately from the 
mantle, such models are incomplete without their 
incorporation. In this paper, the relationship be-
tween calc-alkaline plate margin magmas and al-
kaline, within-plate magmas is considered. 
Early ideas concerning the origin of calc-al- 
kaline lavas involved partial melting of oceanic 
crust modified by submarine alteration processes 
[1]. This is likely to contain the enrichments in K, 
Rb, Th, Pb, U and 87  Sr/ 86 Sr necessary to produce 
the observed concentrations in arc lavas [2,3]. Re-
cent work has, however, rejected the descending 
slab as the parent of calc-alkaline magmatism, 
mainly on experimental grounds [4]. Instead, the 
mantle wedge above a subduction zone has be-
come favoured as the source region for such mag-
mas [4,5]. Metasomatism of the mantle wedge by 
hydrous fluids derived from the descending slab 
has been invoked to account for the observed 
enrichments in incompatible elements in these 
rocks [4,5]. 
The continental lithospheric mantle has also 
been proposed as a significant component in some 
0012-821X/86/$03.50 	© 1986 Elsevier Science Publishers B.V. 
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caic-alkaline lavas erupted into continental ter-
rains [6]. The observed variations in such elements 
as Nb, Ta, Hf and Zr in continental caic-alkaline 
suites appear to require the involvement of con-
tinental lithospheric mantle which is metasoma-
tised and trace element enriched [6]. 
Alkaline magmatism in within-plate settings 
(oceanic islands and continental rifts) has also 
been ascribed several mantle source regions. Fitton 
and Dunlop [7] argue that since alkali basalts from 
the continental and oceanic sectors of the 
Cameroon line of West Africa are chemically and 
isotopically identical, the two suites must be de-
rived ultimately from a similar mantle source. A 
significant contribution to the continental sector 
rocks from ancient, and possibly metasomatised 
continental lithosphere may therefore be ruled out 
[7]. In addition the lack of any relationship be- . 
tween location of volcanism and time in Cameroon 
has been used as evidence precluding a hot-spot 
model, and therefore a deep mantle plume origin 
for the alkaline magmatism [7,8]. For this reason, 
an asthenospheric source has been postulated. 
Proponents of the mantle plume hypothesis for 
the origin of within-plate alkaline magmatism 
argue that the isotopic differences between oceanic 
islands (0th) and MORB have involved long-term 
separation (1.5-2.0 Ga) of the two source regions 
(e.g. [91). Since the MORB source is generally 
accepted as asthenospheric, OIB sources have been 
attributed to partial melting in the lower mantle, 
below the 670 km discontinuity [3,10,11]. High 
3 He/ 4 He ratios of some (but not all) oceanic 
islands-have-also-been-used-as- evidence for-partial 
melting in the lower mantle (e.g. [12]). 
The chemical and isotopic similarity between 
some OIB and alkaline continental rift magmas is 
indisputable. Therefore the proposed source region 
for such OIB lavas may also be the source region 
of some continental rift lavas. 
If subduction-related magmas are derived from 
the mantle wedge above a subduction zone, the 
implication is that such a source lies at relatively 
shallow depth within the upper mantle. Andeed, 
Gill [13] argues that most arc magmas are prob-
ably derived from 100 to 200 km depth, and are 
unlikely to overlie deep-seated plumes. Also, the 
average depth of earthquake foci beneath active 
volcanoes at various convergent plate boundaries 
has been estimated at 136 ± 4 km [14], this being a  
probable depth of partial melting for many sub-
duction-related volcanic rocks. 
If a chemical and isotopic similarity can be 
demonstrated between subduction-related magma-
tism and within-plate alkali basalt magmatism 
therefore, constraints may be imposed on the 
source of intraplate alkaline magmas. 
The Midland Valley of Scotland and adjacent 
regions provide an opportunity to make such a 
comparison. In this paper, the Siluro-Devonian 
calc-alkaline lavas from the so-called Old Red 
Sandstone (ORS) volcanic province [15-18] are 
compared with Lower Carboniferous intraplate 
basalts from the same region. The ORS lavas have 
been described as largely typical calc-alkaline rocks 
(e.g. [16]), comparable with those developed on 
modern continental margins. Ni and Cr concentra-
tions in some of these rocks are however, unusu-
ally high, a feature which Thirwall [18] believes to 
indicate their primitive nature. The high Ni and Cr 
lavas are therefore ideal for comparison with basic 
Lower Carboniferous rocks from the Midland Val-
ley region. 
2. Regional geology 
The Midland Valley of Scotland developed as a 
graben s'tructure in early Devonian times during 
subduction and final closure of the Iapetus Ocean 
[19]. The graben has a prominent northeast-south-
west trend, in common with many Caledonian 
tectonic features, and is bounded by the Highland 
Boundary Fault to the northwest and the Southern 
Uplands-Fault to-the -southeast- Fig-Y).-0blique 
subduction and collision between the northwest-
erly Scottish-American plate and the European 
plate to the southeast are thought to have gener-
ated pronounced strike-slip motions along major 
fault zones [20]. Thirlwall [16], however, believes 
that in the British-Irish sector of Iapetus, subduc-
tion was slow and closure was gentle. During this 
period, lithospheric tension and subsidence, graben 
formation and calc-alkaline volcanism occurred in 
the Midland Valley 
Outcrops of the ORS calc-alkaline lavas are 
found within the Midland Valley rift as well as in 
the Scottish Highlands and the Southern Uplands. 
Within the Midland Valley itself, volcanic rocks 
are concentrated around the Montrose area, the 
Highland Border, the Sidlaw, Ochil, north Fife 
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Fig. 1. Regional distribution of Lower Carboniferous and Old Red Sandstone lavas in southern Scotland. 
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TABLE I 
Means and lo standard deviations for selected Lower Carboniferous lavas with > 4% MgO from southern Scotland. Number of 
analyses are shown in parentheses. Major elements are in wt.% and trace elements in ppm 




Bute (N = 16) 
1 a 
East Lothian (N = 24) 
X 	Ia 
Fife (N = 29) 
to 
Si02 45.62 1.27 43.81 1.97 48.26 1.93 46.54 2.03 44.87 1.35 
Ti02 2.042 0.201 2.409 0.137 2.855 0.381 2.866 0.357 2.160 0.455 
A1 203 13.59 1.24 13.78 0.64 16.91 1.07 15.24 1.41 14.52 1.12 
Fe203 11.44 2.20 12.17 0.59 11.22 1.29 12.02 1.48 11.90 0.69 
MnO 0.197 0.034 0.185 0.032 0.229 0.094 0.185 0.052 0.237 0.091 
MgO 10.19 2.04 9.19 2.01 4.91 0.61 5.86 1.75 9.38 1.53 
CaO 9.66 1.12 10.26 1.36 6.39 1.74 8.41 2.35 8.53 2.27 
Na 20 2.25 0.36 2.05 0.69 3.66 0.77 2.90 0.64 2.45 0.63 
K 20 0.966 0.421 1.115 0.338 1.248 0.302 1.598 0.633 1.085 0.618 
P205 0.325 0.053 0.549 0.150 0.463 0.145 0.704 0.308 0.420 0.167 
LOl 4.51 5.46 3.44 3.50 4.09 
Total 100.78 100.44 99.59 99.83 99.63 
Ni 277.8 77.1 221.2 71.4 18.7 30.3 91.1 55.8 251.1 66.2 
Cr 630.3 181.1 294.9 101.3 23.0 45.9 201.2 119.9 438.7 112.4 
V 279.5 26.4 248.3 33.0 284.6 74.8 226.1 48.8 244.4 32.5 
Sc 30.0 4.1 23.8 2.7 27.3 4.9 24.5 3.5 28.6 3.3 
Cu 72.6 46.9 53.2 9.2 27.8 23.0 18.4 -, 21.1 66.3 73.1 
Zn 147.1 122.1 147.1 125.5 163.8 69.9 139.1 75.9 171.6 154.0 
Sr 447.3 65.4 931.4 378.5 499.2 117.0 785.6 180.0 451.7 184.9 
Rb 17.3 11.7 23.8 11.3 23.6 6.9 29.8 142 20.6 12.1 
Ba 350.7 68.5 1290.1 1391.4 319.4 41.1 960.6 488.8 533.7 305.9 
Pb 8.6 6.2 0.7 8.9 19.1 17.2 3.9 8.9 0.2 1.4 
Zr 185.3 25.6 199.8 52.5 241.8 51.0 164.5 61.3 181.7 68.9 
Nb 32.6 7.3 54.8 17.8 34.5 7.3 41.0 12.6 36.1 15.0 
La 26.1 4.4 36.6 12.1 26.8 7.1 36.8 11.0 27.1 12.2 
Ce 56.9 10.0 79.4 23.8 61.3 15.2 81.1 23.9 55.8 25.2 
Nd 24.4 3.3 34.3 8.4 30.5 7.7 36.1 9.1 25.3 9.8 
Y 26.0 3.4 28.0 2.4 31.4 5.9 23.8 6.4 25.8 4.9 
LOl = Loss on ignition. 
and Pentland Hills as well as parts of Lanarkshire 
and Ayrshire (Fig. 1 [161). 
The ORS volcanic rocks are younger than most 
of the Caledonian tectonism in Scotland. As a 
result, Stillman and Francis [21] considered that 
the ORS lavas were erupted after the cessation of 
subduction of Iapetus oceanic crust. Others have, 
however, suggested that subduction continued into 
the early Devonian, and the volcanism was sub-
duction-related rather than post-collision [16,20]. 
Following the closure of the Iapetus Ocean, 
southern Scotland was no longer subjected to the 
processes active at plate margins, and became 
intraplate in character. During Carboniferous 
times, however, lithospheric tension was again ex-
perienced in the Midland Valley [22], probably 
related to newly initiated distant subduction in 
Europe [23]. These renewed tensional stresses 
caused the reactivation of old Caledonoid base-
ment structures and the Lower Carboniferous to 
early Permian (360-290 Ma, [24]) became a period 
of transitional to alkaline within-plate volcanism. 
The greatest volume of magma was produced dur-
ing the Lower Carboniferous (Diantian), however, 
and a thick sequence of basalt, hawaiite, mugearite, 
benmoreite, trachyte and rhyolite was produced. 
The main outcrops of Lower Carboniferous 
lavas are found in the Midland Valley and South-
ern Uplands (Fig. 1). The earliest lavas amongst 
the suite of Tournaisian age in the Kelso and 
Birrenswark areas on the southern flanks of the 
rift valley. Most of the lavas within the rift valley 
are of later, Visean age (Fig. 2). 
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Holyrood (N = 25) 
lo 
(Kelso (N = 21) 
X 	lo 
Kintyre (N = 26) 
X 	lo 
Strathaven (N 	19) 
X 	Ia 
Si02 45.62 2.71 46.21 2.56 46.04 1.80 46.32 2.75 
Ti02 2.339 0.355 3.289 0.408 2.569 0.514 2.626 0.413 
A1 203 15.90 1.49 15.28 0.92 15.26 1.70 15.01 1.26 
Fe203 11.87 1.30 12.92 1.29 12.54 1.44 12.94 1.42 
MnO 0.228 0.065 0.124 0.054 0.231 0.115 0.329 0.184 
MgO 6.23 1.58 5.97 1.51 7.18 2.18 7.37 2.24 
CaO 8.52 3.64 6.69 1.93 8.26 1.81 7.50 2.42 
Na 20 3.34 1.37 3.03 0.42 2.68 0.70 3.01 0.97 
K 20 1.127 0.568 1.328 0.445 1.431 0.964 1.367 0.697 
P205 0.451 0.137 0.658 0.110 0.463 0.163 0.553 0.120 
LOl 4.21 3.64 2.90 3.14 
Total 99.81 99.14 99.50 100.16 
114.4 66.7 116.8 33.2 117.1 87.1 201.6 92.2 
252.2 188.8 119.3 69.5 198.0 159.9 272.5 121.6 
243.4 49.8 196.4 25.4 244.7 62.4 227.4 53.0 
28.0 6.3 22.3 4.2 24.0 6.0 20.6 4.4 
36.5 28.0 48.2 39.1 57.7 89.6 52.7 13.0 
157.1 123.8 136.9 76.5 309.6 471.4 217.8 210.1 
644.9 193.7 494.0 155.4 539.3 159.7 558.9 196.0 
22.1 12.3 19.5 10.7 25.4 . 12.0 24.9 16.6 
587.4 371.6 354.1 117.6 441.0 270.1 601.2 292.3 
13.7 22.2 9.6 9.7 4.2 5.5 18.3 41.0 
192.8 36.3 357.4 97.0 233.8 62.6 287.2 75.7 
36.4 8.7 36.6 9.3 36.4 12.5 48.0 12.4 
29.1 7.6 30.3 6.9 11.8 10.3 38.9 11.5 
62.0 15.9 76.2 15.7 69.6 24.1 81.1 24.3 
28.7 6.5 41.3 7.7 32.2 10.1 36.2 9.2 
25.9 2.6 36.0 6.3 28.1 3.4 26.9 3.1 
3. Analytical methods 
Lower Carboniferous volcanic rocks were 
analysed by X-ray fluorescence spectrometry using 
the Philips PW1450/20 automatic spectrometer at 
the Grant Institute of Geology, Edinburgh [7]. 
Samples were analysed within pre-ignition and 
loss on ignition (LOl) checks were carried out 
after analysis. 
All isotopic work was conducted at the Scottish 
Universities Research and Reactor Centre, East 
Kilbride. Sr isotopic compositions were de-
termined using a VG Micromass 30B mass spec-
trometer. Nd and Pb isotopic analyses were car-
ried out using a VG Isomass 54E mass spectrome-
ter. All samples were selected for their freshness. 
The mean 87Sr/ 86 Sr ratio for NBS987 during 
the course of the analysis was 0.71027 ± 5  
(2amean ., N = 6). Data have been normalised to an 
88Sr/ 86 Sr ratio of 8.37521 The 143 Nd/ 1 Nd ratio 
for BCR1 was 0.512617 ± 20. This value agrees 
with that of Thirlwall [17] within 2o precision 
limits. Sample Nd isotope ratios have all been 
normalised to a 146 Nd/ 1 Nd value of 0.7219. 
During the course of Pb isotopic work, mean 
analyses for NBS981 were 16.914 ± 4, 15.468 ± 3 
and 36.633 ± 10 for 206 Pb/ 204 Pb, 207 Pb/ 204 Pb and 
208 Pb/ 204 Pb respectively (20mean',  N = 6). These 
data correspond to mass fractionation of 0.06-0.1% 
per mass unit. Correction for this has been applied 
to all samples analysed. Concentrations of Rb, Sr. 
Sm, Nd, U and Pb (ppm) were determined by 
isotope dilution unless otherwise stated. 
Total procedural blanks during isotopic analy-
sis were approximately 1 ng for Sr and Pb, and 0.1 
ng for Nd; these are negligible. 
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4. Chemistry of Lower Carboniferous volcanic 
rocks 
4.1. Major elements and compatible trace elements 
The greatest volume of Scottish Lower 
Carboniferous volcanic rocks is of basaltic and 
hawaiitic composition; more evolved rocks are less 
common. The observed compositional range has in 
some regions been explained by polybaric frac-
tional crystallisation Macdonald [25] suggests that 
some of the basic rocks have undergone high pres-
sure crystallisation of clinopyroxene only (> 13 
kbar) or of olivine + clinopyroxene + plagioclase 
(>9 kbar). More evolved rocks (hawaiite and 
basaltic hawaiite) are thought to have been pro-
duced by early high pressure fractionation of 
clinopyroxene, followed by later crystallisation of 
olivine, plagioclase and magnetite at lower pres-
sures [25,26]. 
Many of the Carboniferous volcanic rocks do, 
however, show the major and trace element char-
acteristics of primitive basalts. Mean analyses and 
standard deviations for different regions of south-
ern Scotland have been calculated and are pre-
sented in Table 1. Only basaltic samples with 
> 4% MgO have been included in order to screen 
the data from the effects of extensive fractional 
crystallisation. 
Lavas from Strathaven, Kintyre, Arran, East 
Lothian and Holyrood Park and mildly alkaline 
and commonly have high Ni, Cr and MgO con-
tents; many of the lavas from these regions are 
ankaramitic. Volcanic r6cks from the Kelso region 
appear to be slightly less primitive and have been 
described as transitional to tholeiitic [32]. Ni and 
Cr contents in the Bute lavas are generally lower 
and many of these rocks approach hawaiite in 
composition. 
Microphyric alkali olivine basalts from Fife and 
Bathgate, however, show primitive characteristics 
(Table 1). There is not petrographic evidence in 
these two suites for accumulation of olivine or 
cinopyroxene during crystallisation, and they are 
unlikely to have undergone much fractional crys-
tallisation.  
plotted, normalised to chondrite and primitive 
mantle after the normalisation scheme of Thomp-
son [27]. Means of several samples are plotted in 
Fig. 3 and again are restricted to compositions 
with >4% MgO. 
These normalised diagrams display the incom-
patible element enrichments characteristic of 
within-plate alkali basalts. The humped pattern, 
with a peak at Nb and relative depletion in Rb, Ba 
and K for most of the lavas, has been frequently 
described elsewhere [7,27,28]. The pattern is con-
sistent with alkaline magmas from both continen-
tal rifts and oceanic islands. 
In general, the trends may be explained by 
different degrees of partial melting and fractional 
crystallisation of a single source region; however, 
anomalies such as the Ba spike and the unusually 
low Zr contents of East Lothian lavas may owe 
more to minor chemical differences in the mantle 
source for this region. The negative Sr anomaly in 
several of the suites is presumably related to 
plagioclase fractionation, although the lavas show 
no corresponding negative Eu anomaly (Smedley, 
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Fig. 3. Mean normalised diagrams for selected Lower Carbonif-
erous volcanic rocks with MgO> 4%. Number of samples are 
given in parentheses. Right-hand scale refers to the top set of 
patterns and left-hand scale to the bottom Set. Data are nor -
malised using the scheme of Thompson (27]. 
4.2. Incompatible trace elements 














has frequently been taken as evidence of high 
oxygen fugacity during magma crystallisation [29]. 
5. Comparison with ORS subduction-related lavas 
In order to avoid the obvious complications of 
fractional crystallisation processes modifying trace 
element concentrations, comparison- of the two 
lava suites has again been restricted to composi-
tions with > 4% MgO for the Carboniferous rocks, 
and > 100 ppm Ni and 150 ppm Cr for the ORS 
caic-alkaline rocks (basalts and andesites, taken 
from Thiriwall [17,181). 
Fig. 4 shows the range of mean compositions 
(stippled) for Carboniferous lavas. Also plotted 
are mean data for ORS Pentland Hills and Fife 
lavas [17,18]. It is apparent that calc-alkaline lavas 
from the Midland Valley also show pronounced 
incompatible element enrichment. The elements 
La through to Y show a large degree of overlap for 
the two suites, the caic-alkaline lavas falling in the 
lower range of the alkali basalt data. ORS lavas 
may therefore simply represent the products of 
larger degrees of partial melting than those preva-
lent during Carboniferous magmatism. 
The most notable difference between the two 
suites is the pronounced negative Nb anomaly 
Compositions with 4% MgO 
100 - 
Range of Lower Carboniferous lavan 
-- Mean ORS lavan. Fife (N.15) 
—•-- Mean ORS lavan. Pentland Hills (N.4) 
Rb Ba K , N6 Lace Sr Nd P Zr - Ti Y 
Fig. 4. Comparison of normalised incompatible element con-
centrations for Lower Carboniferous volcanic rocks with ORS 
lavas from Fife and Pentland Hills. Number of samples are in 
parentheses. Data for ORS lavas taken from Thirlwall [17,181. 
observed in the ORS subduction-related lavas. Low 
concentrations of Nb (and Ta) are typical of calc-
alkaline suites and have recently been attributed to 
retention of a Nb-Ta-rich phase such as ilmenite, 
rutile or sphene in the mantle source region during 
partial melting under hydrous conditions [28,30]. 
The observed negative Ti anomaly in the ORS 
rocks also suggests retention of such a phase. 
Hydrous conditions may be expected during dehy-
dration of a descending lithospheric slab at a 
subduction zone. Mysen [4] described how dehy-
dration of such a slab would be accompanied by 
metasomatism of the overlying mantle wedge by 
alkali and alkaline earth elements transported in 
the hydrous fluid. This is consistent with the en.: 
richment in K and Rb (but not Ba5 in the ORS 
relative to Carboniferous volcanic rocks. 
Fig. 4 shows overall similarity in incompatible 
element enrichments between within-plate alkali 
basalts and basic caic-alkaline lavas; the anomalies 
being in Rb, K and Nb. The differences between 
the two suites may be explained by a contribution 
from the lithospheric slab in the subduction-re-
lated lavas, which is absent from the intraplate 
basalts. Evidence from incompatible trace ele-
ments therefore show that the two suites of lavas 
may conceivably be derived from a single mantle 
source region. 
6. Isotopic data 
Thirlwall's [18] best age estimate for most of the 
ORS lavas is 410 Ma. Lower Carboniferous rocks 
however, span a period from 360 to 320 Ma [24]. 
The two suites are therefore separated by at least 
50 Ma, with the result that isotopic ratios in the 
same region will have changes by radioactive de-
cay between the two periods. The same applies 
when comparing Palaeozoic samples with recent 
sets of data for MORB, OIB and continental rifts. 
This makes direct comparison between data sets 
difficult. For this reason, the 4E notation has been 
used, and Pb data have been recalculated to the 
present day assuming bulk earth parent/daughter 
ratios as a method of unification. Pb isotopic 
compositions for Carboniferous and ORS lavas 
have been corrected assuming a u value of 82 [31], 
i of p./137.8 and ic ( 232 Th/ 238 U) of 4.0 [32]. 
Sr isotopic data for 30 basic rocks are presented 
in Table 2. For simplicity, only samples with low 
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TABLE 2 
Sr isotopic data for basic Lower Carboniferous volcanic rocks. Errors quoted on measured 87  Sr/ 86 Sr ratios are two standard errors on 
the mean and apply to the last digit quoted. 




±2 a 875r 
86 Sr, 
e Sr, 
H22 basalt 354 29.8 697.6 0.1235 0.70398 4 0.70336 -10.2 
H26 basalt 354 17 * 431 * 0.1112 0.70380 3 0.70324 -11.9 
H29 basalt 354 33 * 636 * 0.1478 0.70379 3 0.70305 -14.6 
H39 basalt 354 47 * 681 * 0.1990 0.70396 4 0.70296 -15.9 
H5155 basalt 354 28.2 623.0 0.1309 0.70370 3 0.70304 -14.8 
L3 ankaramite 354 31.1 880.9 0.1041 0.70387 3 0.70335 -10.4 
L19 ankaramite 354 5.1 814.9 0.01791 0.70319 4 0.70310 -13.9 
K65 hawaiite 361 28.1 463.7 0.1753 0.70408 3 0.70318 -12.6 
K78 basaltic.hawaiite 361 27.4 526.7 0.1505 0.70419 4 0.70342 -9.2 
KT147 ankaramite 320 4.7 418.4 0.03268 0.70386 4 0.70371 -5.8 
KT181 basalt 320 26.5 702.3 0.1093 0.70416 4 0.70366 -6.5 
KT187 basalt 320 8.9 486.4 0.05296 0.70428 4 0.70404 -1.1 
Bill basalt 320 12.2 1526.3 0.02304 0.70491 4 0.70481 +9.8 
B113 basalt 320 35.7 799.3 0.1291 0.70412 4 0.70353 -8.4 
HS94 basalt 320 21.7 1269.3 0.04935 0.70388 3 0.70366 -6.5 
HS161 basalt 338 7.9 932.2 0.02459 0.70469 2 0.70457 +6.7 
F198 basalt 338 30.5 677.3 0.1303 0.70358 3 0.70295 -16.3 
F199 basalt 338 35 * 665 * 0.1522 0.70363 8 0.70290 -17.0 
CP21 basalt 329 36 * 647 * 0.1628 0.70365 3 0.70289 -17.3 
C1'125 basalt 327 22.2 620.3 0.1037 0.70344 6 0.70296 -16.3 
CP126 hawaiite 327 59.1 843.7 0.2025 0.70403 4 0.70309 -14.5 
CP132 hawaiite 327 62.4 988.7 0.1826 0.70400 5 0.70315 -13.6 
H5148 hawajite 322 21.9 541.5 0.1186 0.70400 4 0.70346 -9.4 
CP236 hawaiite 330 23.2 740.0 0.09064 0.70376 5 0.70333 -11.1 
HS76 basalt 327 16.1 496.6 0.09379 0.70363 4 0.70319 -13.1 
HS127 basalt 327 23 * 567 * 0.1157 0.70472 4 0.70418 +1.0 
HS128 basalt 330 16.8 487.2 0.09983 0.70452 3 0.70405 -09 
B333 basalt 330 29 * 570 * 0.1471 0.70395 4 0.70326 -12.1 
A6 ankaramite 330 29.7 517.2 0.1661 0.70434 4 0.70356 -7.8 
A7 ankaramite 330 7.7 155.8 0.1423 0.70446 4 0.70379 -4.5 
* Rb, Sr Concentrations analysed by XRF. Sample localities: H, HS155: Holyrood Park, Edinburgh; L: East Lothian; K: Kelso; KT 
Kintyre; Bill, B113, HS94: Bathgate; HSI61, F: Fife; CP, HS148, H576, HS127, HS128: Clyde Plateau; B333: Bute; A: Arran 
Rb/Sr ratios are considered here as the 87Sr/ 16  Sr 
ratios are less sensitive to age correction uncertain-
ties and in addition have high Sr contents, render-
ing their isotopic compositions relatively robust to 
the effects of contamination. The range in 
87 Sr/ 86 Sr initial ratio observed is 0.7029-0.7046 
which is within the range observed for oceanic 
island. basalts. There is therefore no evidence in 
the Sr isotopic data for significant crustal con-
tamination. The 87  Sr/ 86 Sr initial ratios do not 
appear to bear any relationship to Sr content 
(Table 1) and a plot of one against the other 
displays a total scatter. Thus there is no evidence 
here to support a model of isotopic variation due 
to crustal contamination. 
Nd isotopic data are presented in Table 3. The 
range in ENd values of -0.4 to +5.6 (initial 
43 Nd/ 14 Nd of 0.51220-0.51250) is similar to 
many within-plate continental rift and oceanic is-
land lavas. Again, there is no a priori reason to 
expect the data to be affected by crustal con-
tamination. 
A plot of ENd-€Sr (Fig. 5) reveals that the 
source region of Lower Carboniferous volcanic 
rocks has undergone a time-integrated LR.EE  de-
pletion relative to bulk earth. The data for 
Carboniferous volcanic rocks is similar to that of 
that in many other OIB suites [33,34], and lies 




Nd isotopic data for Lower Carboniferous volcanic rocks 




±2a 143 N 
144 Nd, 
4E Nd 
H22 6.57 31.6 0.1052 0.512711 21 0.512467 +5.6 
1-126 5.19 23.4 0.1340 0.512727 21 0.512416 +4.6 
H29 6.87 33.4 0.1242 0.512684 21 0.512396 +4.2 
H39 7.02 35.3 0.1204 0.512660 20 0.512381 +3.9 
H5155 6.24 31.1 0.1212 0.512636 21 0.512355 +3.4 
L3 7.45 37.8 0.1191 0.512601 21 0.512325 +2.8 
L19 7.99 43.7 0.1105 0.512601 20 0.512345 +3.2 
K65 10.5 44.1 0.1433 0.512738 22 0.512399 +4.5 
K78 9.93 43.8 0.1371 0.512698 20 0.512374 +4.0 
KT147 5.40 24.7 0.1321 0.512676 21 0.512399 +3.4 
KT181 7.49 34.4 0.1318 0.512564 21 0.512288 +1.2 
KT187 4.99 21.8 0.1386 0.512493 42 0.512203 -0.4 
Bill 7.31 36.6 0.1207 0.512635 26 0.512382 +3.1 
B113 6.38 30.2 0.1276 0.512681 20 0.512414 +3.7 
H594 9.73 53.4 0.1101 0.512673 21 0.512442 +4.3 
HS161 7.54 36.4 0.1253 0.512570 19 0.512293 +1.8 
F198 9.90 37.3 0.1604 0.512578 27 0.512223 +0.4 
F199 7.49 37.0 0.1222 0.512698 21 0.512428 +4.4 
CP21 8.22 40.0 0.1241 0.512717 19 0.512450 +4.6 
CP125 7.32 35.3 0.1254 0.512718 21 0.512450 +4.6 
C0126 8.45 45.1 0.1133 0.512681 21 0.512438 +4.4 
CP132 9.66 50.5 0.1157 0.512669 21 0.512421 +4.0 
CP236 7.48 33.2 0.1363 0.512686 30 0.512392 +3.5 
H576 6.49 30.1 0.1303 0.512686 20 0.512407 +3.7 
HS127 5.70 26.1 0.1320 0.512784 21 0.512501 +5.6 
H5128 6.18 27.6 0.1352 0.512721 20 0.512429 +4.3 
B333 6.89 31.7 0.1315 0.512709 22 0.512425 +4.2 
A6 6.00 29.7 0.1221 0.512617 23 0.512353 +2.8 
A7 5.51 26.9 0.1239 0.512601 20 0.512333 +2.4 
ORS caic-alkaline lavas display a distinct linear 
trend on the cNd-Sr diagram. The range in Nd 
isotopic values is similar to that of the Carbonifer -
ous rocks, although the mean of the ORS data 
appears to have a slightly lower ENd value. The Sr 
is, however, considerably more radiogenic in the 
older, subduction-related magmas. Thirlwall [17] 
attributes the linear trend of ORS data to a mixing 
line between an end member plotting in the MORB 
or OIB field and another end member having 
radiogenic Sr and unradiogenic Nd. This latter 
end member is assumed to be a sediment compo-
nent derived from the subducted slab [18]. Indeed, 
the offset to the right of the linear MORB and 
OIB array has commonly been observed in such 
subduction-related magmas (e.g. Grenada [5], Fig. 
5). 
Pb isotopic data for Carboniferous lavas are 
presented in Table 4. Initial ratios are moderately 
radiogenic, the ranges being 17.77-18.89, 
15.48-15.59 and 37.01-38.31 for 206 Pb/ 204 Pb, 
207 Pb/ 204 Pb and 208 Pb/ 204 Pb respectively. 
Initial Pb isotopic variations for Lower 
Carboniferous lavas are plotted in Figs. 6 and 7. 
Initial ratios for ORS lavas are also plotted at 410 
Ma. The dashed and dot-dashed fields represent 
present-day equivalent values for Carboniferous 
lavas and ORS lavas respectively, calculated using 
the above bulk earth parameters. Lower Carbonif-
erous lavas show a close similarity in Pb isotopic 
composition to many OIB sources [9,37,38]. It is 
also immediately apparent that the Lower 
Carboniferous intraplate and ORS caic-alkaline 
lavas have very similar Pb isotopic compositions. 
In view of the great isotopic diversity displayed in 
Figs. 6 and 7 for 01 , MORB and continental rifts 
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Fig. 5. Nd-Sr diagram for Lower Carboniferous and ORS 
volcanic rocks, compared with MORB, . OIB and other con-
tinental rift lavas. Data sources: [5,17,33-36]. 
in general, the scope of isotopic values that might 
be expected for ORS and Carboniferous volcanic 
rocks is enormous. The fact that the two suites 
plot so closely together however, implies that a 
genetic link may exist between the Carboniferous 
and ORS lavas. 
Fig. 8 shows the relationship between 
206 Pb/ 204 Pb and 87 Sr/ 86 Sr for Carboniferous and 
ORS rocks. Data for ocean ridges, oceanic islands 
and the MORB correlation line [39] are included 
for comparison. In the ORS rocks, a mixing line 
with one end member radiogenic in Sr is again 
apparent. The less radiogenic Sr end member, 
however, appears to have a composition very simi-
lar, if not identical to the Carboniferous lavas. It is 
therefore feasible that the unradiogenic Sr end 
member of the ORS lavas may be a source region 
isotopically similar to that responsible for the pro-
duction of the later Carboniferous lavas. 
In Fig. 9, 206 Pb/204 Pb is plotted against €Nd 
for Carboniferous and ORS lavas (initial Pb ratios 
and present day, using bulk earth parent/daughter 
ratios) as well as the fields for MORB, oceanic 
islands and other continental rifts. For the 







Pb isotopic data for Lower Carboniferous volcanic rocks. Initial ratios (at time, t) are calculated assuming Th/U = 4.0 
Sample U (ppm) Pb (pp-) 206 P 
204 Pb 








208 Ph  
2°4 Pb, 
H22 0.9 3.9 . 	18.905 15.588 38.862 18.04 15.54 37.77 
H5155 0.9 2.5 19.508 15.606 39.318 18.22 15.54 37.62 
L3 1.0 5.5 18.939 15.629 39.108 18.28 15.59 38.24 
L19 1.0 2.9 19.584 15.641 39.645 18.28 15.57 37.98 
K65 1.2 3.1 	- 19.754 15.656 39.566 18.46 15.59 38.12 
K78 1.0 2.5. 19.644 15.642 39.690 18.27 15.57 37.91 
KT147 0.8 2.0 19.545 15.571 39.566 18.28 15.51 37.93 
B113 1.0 2.3 19.335 15.588 39.385 17.92 15.51 37.52 
F198 1.1 1.5 20.592 15.629 40.543 17.77 15.48 37.01 
F199 . 1.2 3.4 19.141 15.544 38.959 17.94 15.48 37.50 
HS161 1.2 3.7 18.931 15.546 38.847 17.79 15.49 37.36 
CP21 1.4 3.3 19.885 15.629 39.729 18.46 15.55 37.84 
CP125 0.9 2.0 19.972 15.601 39.750 18.37 15.52 37.52 
CP126 1.9 5.8 19.315 15.567 39.202 18.22 15.51 37.79 
CP132 2.0 5.7 20.094 15.593 39.880 18.89 15.53 38.31 
HS127 0.9 2.3 19.530 15.624 39.384 18.24 15.56 37.67 
HS148 0.7 2.9 19.158 15.629 39.086 18.34 15.59 38.03 
CP236 0.7 4.1 18.915 15.568 38.733 18.31 15.54 37.95 
B333 0.9 3.4 19.512 15.592 39.399 18.63 15.55 38.25 
A6 1.0 3.3 19.169 15.545 39.233 18.16 15.49 37.90 
A7 0.9 2.3 19.615 15.572 39.743 18.33 15.50 38.00 
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Fig. 6. 206 Pb/ 204 Pb against 207 Pb/ 204 Pb variation in Lower Carboniferous and ORS lavas, compared with MORB, OIB and other 
continental rift lavas. Dashed and dot-dashed fields: range of compositions for Carboniferous and ORS lavas respectively, age 
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Fig. 7. 206  Ph/ 204 Pb against 208  Ph/ 204 Pb variation in lower Carboniferous and ORS lavas. Dashed and dot-dashed fields as in Fig. 6 
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Fig. 8. 206 Pb/ 204 Pb against 87Sr/ 86Sr variation in Lower Carboniferous, ORS and modern MORB, OIB, continental rift and 
subduction-related volcanic rocks. Data sources: [10,18,35,37,39-451. 
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Fig. 9. 206 Pb/ 204 Pb against e Nd variation in Carboniferous and ORS compared with modem MORB and intraplate lavas. Dashed 




tween Nd and Pb isotopic comp9sitions. This im-
plies that the two isotopic systems are decoupled 
and is similar to the pattern observed in OIB (Fig. 
9). ORS data, on the other hand, show no varia-
tion in 206Pb/ 204 Pb despite considerable variation 
in iENd (Fig. 9). The Carboniferous and ORS fields 
show significant overlap, with the ORS lavas re-
vealing an apparent mixing relationship between 
an end member very similar to the source reservoir 
for Carboniferous intraplate lavas in its Pb and 
Nd isotopic composition, and another end mem-
ber relatively unradiogenic in Nd. Thirlwall [18] 
argues against this latter end member being sedi-
ment assimilated from the continental crust and 
concludes that it is most feasibly sediment from 
the slab incorporated into the mantle source re-
gion during subduction. 
Similarities in Nd and Pb isotopic composition 
between the Carboniferous intraplate lavas and 
the ORS caic-alkaline lavas are therefore clearly 
visible. Only 87 Sr/ 86 Sr displays a significant dif -
ference. If the high 87 Sr/ 86 Sr ratios in the subduc-
tion-related volcanic rocks are indicative of a con-
tribution from the descending slab, such a contri-
bution is evidently, missing from the younger, in-
traplate lavas. 
7. Implications for the source of continental rift 
lavas 
Allowing for the effects of added slab material, 
if it can be demonstrated that the subduction-re-
lated lavas and the intraplate lavas are chemically 
and isotopically indistinguishable, there is no 
necessity to invoke two separate mantle source 
regions. Since subduction-related lavas are un-
likely to have their source below the subduction 
zone [13], they are most likely to be derived from 
the overlying mantle wedge which comprises shal-
low asthenosphere or continental lithosphere. If 
the argument is extended, the Carboniferous alkali 
basalts may also be derived from such a shallow 
source. 
At the present time, the distinction between an 
asthenospheric source and a lithospheric mantle 
source cannot be made for the Carboniferous rocks. 
Lherzolite nodules and megacrysts in Carbonifer-
ous diatremes from the Midland Valley are pre-
sumably lithospheric in origin, and have a Nd and 
Sr isotopic composition largely indistinguishable  
from the Carboniferous continental rift lavas (A.N. 
Halliday, personal communication, 1985). On the 
other hand, the chemical and isotopic similarity 
between Lower Carboniferous lavas and manyOIB 
and continental rift volcanic rocks appears to sug-
gest a sub-lithospheric source since OIB lavas are 
unlikely to be derived from the continental litho-
sphere (but see [11]). All that can be concluded 
from the available data is that there is no need to 
invoke a deep mantle source (eg. below the 670 km 
discontinuity, [101) for such continental rift lavas. 
This hypothesis is consistent with that of Gill 
[13], who recognises the availability of both MORB 
and OIB reservoirs in the uppermost mantle at 
different times for the production of alkaline and 
calc-alkaline lavas in Fiji. Also, the contention of 
Fitton and Dunlop [7] that OIB lavas represent 
small-degree partial melts of asthenosphere mantle 
containing LIL-element-rich streaks is consistent 
with the conclusions derived here. 
8. Passive or active rifting? 
The active versus passive rifting debate [47] for 
the origin of continental rift volcanic rocks is as 
yet unresolved. One school of thought is that 
alkaline magmatism in continental rift terrains is 
initiated in the upper mantle as a response to 
lithosphere attenuation, and is therefore passive 
(e.g. [48,49]). Alternatively, alkaline magmatism 
has been assumed to have an active role in rift 
valley formation by the updoming of lithosphere 
as a result of an uprising deep mantle plume 
activated by large mantle convection cells [50]. 
Most evidence for active or passive rifting is 
dynamic and therefore usually only visible in mod-
ern rift zones. Turcotte and Emerman [51] have 
used uplift versus subsidence to determine whether 
rifting is active or passive. Active rifts initiated by 
mantle plumes may produce updoming of litho-
sphere in the centre of the rift zone, whereas 
passive rifts may experience subsidence in this 
region due to lithosphere stretching [51]. 
Such criteria as rift valley flank uplift, high heat 
flow or negative gravity anomalies indicating low 
density zones of partial melting at depth [48] are 
of little use when considering Palaeozoic se-
quences. However, much evidence in the geological 
record for the Midland Valley reveals that the 
centre of the graben during the Carboniferous was 
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largely a region of subsidence and sedimentation, 
rather than uplift and erosion [52,53]. Sediments in 
the Midland Valley mostly comprise coals, lime-
stones, mudstones, siltstones, sandstones and 
seatearths which suggest delta progradation into 
lakes and lagoons. Varying amounts of subsidence 
and sedimentation accompanied by sea level 
changes produced different sequences in different 
parts of the Midland Valley [53]. For example, the 
Lothians in the east, during Calciferous Sandstone 
Measures, Cementstone Group and Lower Lime-
stone Group times (Dinantian), were mainly 
fluviatile, lagoonal or shallow marine environ-
ments and a thick sequence of marine limestones, 
shales, oil-shales, sandstones and occasional thin 
coal seams are preserved [53]. In the western and 
central Midland Valley, thin coal, shale and lime-
stone horizons are present, along with four marine 
limestone bands of Calciferous Sandstone Mea-
sures age [53]. 
Direct evidence for an extensional regime in the 
Midland Valley during the Lower Carboniferous is 
scarce; however, Macdonald [25] and Whyte and 
MacDonald [54] have described many of the lavas 
from the northern Clyde Plateau as fissure erup-
tions. Also, basic and acid dykes of Lower 
Carboniferous age from Great Cumbrae in the 
Firth and Clyde indicate at least local extension in 
this region. During later Carboniferous to early 
Permian times, two suites of dykes: the West-
phalian to early Stephanian tholeiitic quartz-
dolerites and the early Permian northwest-trending 
alkaline dykes [19] indicate further periods of lith-
osphere attenuation in the Midland Valley region. 
Perhaps the most notable feature however, is 
the lack of any hot-spot trail across the Midland 
Valley despite the fact that volcanism was active 
from Lower Carboniferous times right through to 
the early Permian, and that plate movements were 
relatively rapid during the Palaeozoic. The pro-
posed northward latitudinal shift of 15 degrees 
from the Lower Carboniferous to the Lower Per-
mian [55] appears to have had little influence on 
the focus of volcanism [22]. If a deep mantle 
plume were responsible for the Carboniferous 
magmatism, a hot-spot trail might be expected. 
Since the volcanic rocks occur in a region which 
was already a zone of structural weakness as a 
result of earlier Caledonian tectonism, it is implied 
that the lithosphere was the dominant control on  
the location of Carboniferous magmatic activity. 
This suggests that passive rather than active rifting 
was responsible for the Carboniferous magmatic 
event. 
9. Conclusions 
Incompatible trace elements and isotopic com-
positions of Nd and Pb in Scottish Lower 
Carboniferous intraplate basalts and ORS caic-al-
kaline lavas show overall similarities. Anomalies 
occur with LIL elements such as K and Rb and 
with 87 Sr/ 86 Sr, all of which are higher than would 
be expected for simple partial melting of the 
Carboniferous alkali basalt source. The deviations 
may be explained by the incorporation of a sedi-
ment component derived from the descending slab 
into the ORS subduction-related lavas, which is 
absent in the later Carboniferous alkali basalts. 
The loss of this subduction component is easily 
accomodated by convection in the mantle during 
the ca. 50 Ma time interval between the ORS and 
Lower Carboniferous magmatism. 
Negative Nb anomalies are common in caic-al-
kaline lavas. They have often -been explained by 
the retention of a Nb-bearing phase such as rutile, 
ilmenite or sphene in the mantle wedge, rendered 
hydrous by the influx of fluids such as seawater 
from the, slab [28,30]. Such a hypothesis may be 
appropriate for the Scottish ORS lavas. 
Once the effects of the incorporation of slab 
material are extracted from the ORS data set, it is 
evident that Carboniferous intraplate basalts and 
ORS calc-alkaline lavas may be . derived from a 
similar mantle source region. Thirlwall [18] argues 
that the incorporation of slab-derived sediment 
into the ORS lavas has affected the Nd as well as 
Sr isotopic composition. Since extrapolation of the 
ORS mixing line (Fig. 5) crosses the linear MORB 
and OIB array within the compositional field of 
contemporary MORB sources, Thirlwall [18] sug-
gests that the original mantle source would have 
been MORB-like (with €Nd> + 6). Whilst it is 
agreed that the Sr isotopic composition of - the 
ORS lavas has been significantly modified by in-
corporation of sediment from the slab, the 'Nd 
isotopic composition may have been less modified 
than Thirwall [18] advocates. Evidence from in-
compatible element and isotopic compositions sug-
gests that rather than having a MORB-like mantle 
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source, the ORS lavas (as well as the Lower 
Carboniferous rocks) were derived ultimately from 
a source region resembling OIB in its trace ele-
ment and isotopic characteristics. 
The similarity of intraplate basalts with calc-al-
kaline lavas of presumably shallow upper mantle 
origin, and the lack of any hot-spot trail in the 
Midland Valley despite the longevity of volcanism 
and rapid Palaeozoic plate motions, seems to pre-
clude a deep-seated mantle plume origin for the 
Carboniferous volcanism. It is suggested, instead, 
that magmatism was the result of passive rifling, 
with shallow diapiric upwelling of magma from a 
source region within the upper mantle. Magma-
tism may therefore have been initiated in areas of 
easy access to the surface, in zones of structural 
weakness. Many of these zones would have been 
already provided by the previous Caledonian 
tectonic events in southern Scotland. 
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